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BODY  OF  REPORT 

BACKGROUND  AND  SIGNIFICANCE 

Genetic  variation  of  the  human  malaria  parasite  P.  falciparum  contributes  to  the 
difficulties  associated  with  developing  effective  approaches  in  the  prevention  and  treatment  of 
disease  caused  by  this  pathogen.  Extensive  strain-dependent  variation  has  been  observed  by 
both  phenotypic  and  genotypic  analysis.  Strain-dependent  variation  is  observed  in  many 
parasite  encoded  antigens  (1),  in  sensitivity  to  chemotherapeutic  drugs  (23),  in  cytoadheience 
(4)  and  gametocyte  production  (5)  to  name  but  a  few  examples.  Extensive  genotypic  variation 
is  observed  in  geographically  diverse  isolates  appearing  as  extensive  variations  in  the  lengths 
of  homologous  chromosomes  (6).  These  variations  have  been  seen  to  emerge  in  clonal 
populations  of  parasites  both  in  vitro  during  mitotic  propagation  and  in  vivo  (7,8).  In  addition, 
non-parental  karyotypes  have  been  observed  in  the  progeny  of  genetic  crosses  (9).  Thus,  the 
parasite  genome  appears  to  be  in  a  dynamic  state,  with  frequent  deletions  and  rearrangements 
readily  detectable  by  chromosomal  analysis  using  pulse  field  gel  electophoresis.  The 
consequences  of  these  rearrangements  are  extreme,  with  deletions  of  >15%  of  a  particular 
chromosome  length  readily  detected  between  isolates.  In  some  cases,  these  deletions  are 
associated  with  non-viable  phenotypes  in  vivo,  as  occurs  with  the  deletion  of  the  KAHRP  gene 
in  knobless  isolates  (10). 

A  mechanism  responsible  for  a  series  of  chromosomal  rearrangements  observed  during 
asexual,  mitotic  growth  has  been  extensively  characterized  in  my  laboratoiy  (11).  In  those 
cases,  terminal  deletion  of  DNA  fragments  of  75-150  kb  were  observed,  resulting  from 
breakage  and  healing  of  the  affected  chromosome.  Since  these  events  occur  during  the  haploid 
stage  of  parasite  development,  these  deletions  result  in  non-revertible  null  phenotypes  for  the 
affected  genes.  In  order  begin  to  define  the  consequences  of  these  deletions  on  chromosome 
organization  and  parasite  viability,  we  developed  approaches  which  allow  for  the  high 
resolution  characterization  of  intact  chromosomes.  Parasite  chromosomes  do  not  condense  and 
standard  cloning  in  bacterial  hosts  results  in  rapid  deletion  of  parasite  DNA  (12,13).  To 
overcome  these  difficulties,  we  have  exploited  the  ability  of  yea^  cells  to  tolerate  artifical 
chromosomes  of  parasite  DNA  (14).  These  YAC  libraries  have  enabled  us  to  completely  clone 
a  chromosome  which  undergoes  frequerit  breakage  and  healing  (15).  Analysis  of  this 
chromosome  revealed  that  genes  transcribed  during  the  intra-erythrocytic  stage  of  the  life-cycle 
are  confined  to  a  central  domain  comprising  80%  of  the  length  of  the  chromosome  which  is 
invariant  in  multiple  geographic  isolates.  The  variations  observed  among  these  isolates  results 
from  deletions  and  rearrangements  which  occur  within  the  subtelomeric  regions  comprising  the 
remaining  20%  of  the  chromosome.  These  variable,  subtelomeric  regions  are  not  transcribed 
during  the  blood  stage.  At  the  junction  of  the  variable  and  conserved  domains  where  frequent 
breakage  and  healing  events  occur  a  clustering  of  poly  A*  and  poly  A'  transcripts  were 
observed,  suggesting  that  this  unusual  density  of  transcription  may  contribute  to  the  mechanism 
of  breakage  and  healing.  In  addition  to  breakage  and  healing,  subtelomeric  variation  among 
the  isolates  studied  resulted  from  translocations  and  insertions. 
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Our  current  knowledge  of  the  organization  of  subtelomeric  regions  of  P.  falciparum 
chromosomes  is  limited  to  studies  which  have  utilized  chromosomes  isolated  by  PFG  for 
restriction  analysis  (16)  and  from  the  characterization  of  partial  genomic  clones  containing 
telometic  repeats  (17).  Those  studies  have  suggested  that  terminal  regions  of  the  parasite's 
chromosomes  are  related,  containing  telomere  repeats  composed  of  GGGTTTA,  complex 
repeats  and  at  least  one  repetitive  element,  rep20  (18).  A  conserved  Apa  I  restriction  site  is 
found  within  15  kb  of  the  telomere  on  most  chromosomes.  Further  analysis  was  precluded  by 
the  inability  to  clone  intact  subtelomeric  DNA  fragments  and  determine  the  detailed 
oi:ganization  of  this  region.  In  contrast,  much  is  known  on  the  structure  and  function  of 
subtelomeric  regions  f^m  other  eukaryotes.  In  yeast,  the  subtelomeric  regions  contain  specific 
sequence  elements,  called  Y*  and  X,  which  function  as  replication  origins  (19).  Repetitive 
sequences  in  the  subtelomeric  regions  undergo  frequent  rearrangements,  creating  the  highly 
polymorphic  regions  near  the  telomere.  Subtelomeric  repetitive  sequences  have  been  found  for 
human  chromosomes,  can  be  transcribed  (20)  and  found  to  vary  among  individuals  (21). 

Studies  summarized  below  suggest  that  the  unusual  structural  properties  of  P. 
falciparum  subtelomeric  regions  result  in  their  iirstability.  These  subtelomeric  regions  are 
responsible  for  genetic  variation  among  isolates;  such  variation  confers  selective  advantage  to 
the  parasite.  Based  on  these  studies,  the  subtelomeric  DNA  should  be  substantially  different 
from  the  rest  of  the  chromosome  in  base  composition,  gene  density  and  transcription,  repetitive 
sequences,  recombination  frequency  and  mitotic  stability.  The  functional  consequences  of 
subtelomeric  rearrangements  was  explored  for  their  ability  to  influence  gene  expression  of 
neighboring  genes.  These  types  of  position  effects  have  been  extensively  characterized  in 
yeast,  trypanosomes  and  drosophila.  Transcriptional  silencing  has  been  well-documented  in 
yeast  when  genes  are  removed  from  their  normal  chromosomal  position  and  placed  with  3-5  kb 
of  a  telomere  (22).  This  mechairism  of  gene  silencing  has  been  proposed  to  account  for  the 
cellular  senescence  observed  in  diploid  mammalian  cells  in  culture  where  shortening  of 
telomeres  has  been  associated  with  progranuned  senescence  (23).  Alternatively,  rearrangement 
of  genes  to  telometic  sites  can  result  in  transcriptional  activation  (24).  For  example,  in 
trypanosomes,  transposition  of  VSG  genes  to  subtelomeric  sites  result  in  their  expression, 
while  in  the  ciliated  protozoans,  like  Tetrahymena,  breakage  and  healing  of  mictonuclear 
chromosomes  results  in  their  mactonuclear  expression.  One  potential  function  of  subtelomeric 
rearrangements  in  P.  falciparum  could  be  related  to  repositioning  internal  genes  relative  to 
their  telometic  ends,  thereby  influencing  their  expression.  Alternatively,  variations  in 
subtelomeric  sequences  may  function  m  promoting  or  repressing  recombination  mediated 
through  these  sequences  eidier  mitotically  during  asexual  propagation  or  meiotically  during  the 
sexual  cycle. 


The  extensive  chromosomal  polymorphisms  displayed  by  the  malaria  parasite  in  natural 
infections  suggests  that  the  ongoing  process  of  genetic  variation  is  a  distinctive  proper^  of  this 
organism.  The  goal  of  the  research  in  my  laboratory  for  the  past  five  years  has  focussed  on 
developing  a  molecular  understanding  of  this  process.  Work  in  the  past  year  has  significantly 
added  to  our  knowledge  of  the  mechanisms  responsible  for  genetic  variation. 
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IntrodttctlQn 

The  results  summarized  below  have  built  on  observations  made  in  the  laboratory  over  a 
number  of  years.  To  facilitate  the  evaluation  of  these  results,  I  have  briefly  summarized  some 
of  the  salient  earlier  studies  which  have  led  up  to  the  studies  completed  during  the  past  year. 
Some  of  this  material  has  been  presented  in  previous  reports  and  is  included  here  for  the  sake 
of  completeness  only. 


Chromosomal  rearrangements  which  result  in  loss  of  gene  expression;  breakage  and 
healing 

Characterization  of  the  KAHRP  gene  in  knobby  and  knobless  isolates  revealed  that 
neither  protein  nor  RNA  accumulate  in  knobless  isolates.  A  DNA  rearrangement  was  defined 
in  which  the  KAHRP  gene  underwent  deletion  and  the  truncated  fragment  became  associated 
with  telomeric  sequences  (4).  This  rearrangement  resulted  in  a  chromosomal  polymorphism  in 
chromosome  2  of  knobless  isolates,  consistent  with  a  deletion  of  150  kb,  extending  from  the 
KAHRP  gene  to  the  end  of  chromosome  2.  The  mechanism  underlying  that  rearrangement  was 
characterized  by  the  analysis  of  the  wild-type  and  mutant  chromosomes  in  this  region  for  a 
series  of  clonal  knobby  and  knobless  isolates.  These  studies  indicated  that  a  process  of 
breakage  and  healing  with  loss  of  a  100  kb  terminal  region  (11)  was  most  consistent  with  the 
structure  of  these  mutants.  No  evidence  for  reciprocal  rearrangement  was  detected,  arguing 
against  a  model  of  translocation  to  account  for  the  structure  of  chromosome  2  from  knobless 
isolates.  This  mechanism  accounted  for  all  the  examples  of  knobless  isolates.  Since  these 
isolates  were  all  propagated  in  in  vitro  culture  and  could  be  detected  arising  in  culture,  the 
process  was  occuring  during  mitotic,  haploid  growth.  Knobless  isolates  have  been  detected  in 
natural  infections,  suggesting  that  the  process  which  generates  these  mutations  is  not  confined 
to  in  vitro  culture  but  represents  an  ongoing  pathway  in  vivo. 

These  studies  on  the  KAHRP  gene  in  knobby  and  knobless  isolates  raised  the 
possibility  that  other  chromosomal  polymorphisms  in  P.  falciparum  could  have  been  generated 
by  a  similar  process  of  breakage  and  healing.  To  examine  that  possibility  we  examined  a 
series  of  null  mutants  which  had  associated  chromosomal  polymorphisms.  Two  examples  were 
defined  in  detail.  The  HRP  n  gene  in  strain  DIO  is  not  expressed  and  is  associated  with  a 
polymorphism  in  chromosome  8.  Similarly,  expression  of  the  RE5A  gene  in  strains  A2,  D3  and 
D4  is  undetectable;  those  isolates  have  a  more  rapidly  migrating  chromosome  1.  Cloning  of 
the  HRP  n  and  RESA  genes  from  wild-type  and  mutant  strains  revealed  that  in  each  case  the 
gene  hsd  undergone  a  deletion,  with  the  truncated  fragment  directly  associated  with  telomeric 
sequences.  Once  again,  the  deleted  DNA  could  not  be  detected  elrewhere  in  the  genome, 
supporting  the  model  of  breakage  and  healing  observed  for  the  KAHRP  gene  on  chromosome 
2.  A  summary  of  these  three  mutations  is  shown  in  Figure  1.  If  the  mechanism  which 
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generated  these  deletions  was  related  in  all  three  cases,  then  we  might  expect  to  fmd  a 
structural  motif  conserved  for  all  these  genes.  The  ONA  sequences  where  we  observed 
breakage  and  healing  are  compiled  in  Figure  2.  Although  little  homology  is  observed  among 
these  sequences,  in  all  cases  a  conserved  CA  dinucleotide  is  found  at  the  breakage  and  healing 
site. 

Additional  support  for  specificity  in  the  mechanism  of  breakage  and  healing  came  from 
the  analysis  of  the  RESA  gene.  In  that  case  the  reairangment  is  more  complex,  with  an 
inversion  of  DNA  at  the  breakage  and  healing  site.  We  examined  the  mechanism  of  the  RESA 
rearrangment  to  determine  if  inversion  was  a  necessary  prerequisite  for  RESA  breakage  and 
healing.  By  sensitive  PCR  techniques  we  were  able  to  determine  that  inversion  of  a  DNA 
fragment  including  the  breakage  and  healing  site  was  found  in  isolates  which  had  not 
proceeded  to  deletion.  In  no  cases  could  deletion  of  RESA  be  observed  in  the  absence  of 
inversion.  These  results  suggested  that  inversion  precedes  breakage  and  healing.  The 
consequence  of  this  inversion  is  to  reposition  the  CA  dinucleotide  found  at  the  breakage  and 
healing  site  so  that  healed  fragment  is  associated  with  the  mitotically  stable  fragment  of 
chromosome  1.  This  analysis  further  indicated  that  breakage  and  healing  possessed  specificity 
and  was  unlikely  to  be  occurring  at  random  sites  in  the  genome  (Hgure  3  (25) ). 
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These  observations  raised  several  questions: 

1)  Are  there  any  structural  features  of  the  DMA  at  sites  of  breakage  and  healing  to  account 
for  the  specificity  observed? 

2)  What  is  the  fate  of  the  deleted  DNA?  Are  true  terminal  deletions  occurring  in  a 
haploid  organism  with  permanent  loss  of  15%  of  a  total  chromosome? 

3)  What  is  encoded  on  the  deleted  fragments  of  DNA? 

4)  Are  other  types  of  rearrangements  occurring  to  generate  chromosomal  polymorphisms? 

5)  Does  genetic  variation  offer  the  parasite  a  selective  advantage?  What  functions  might 
be  associated  with  these  large  scale  rearrangements? 


Stable  cloning  of  large  fragments  of  P.  falciparum  DNA;  YAC  libraric  for  the  analvris  of 
chromosome  organization 

To  address  these  questions  and  further  pursue  the  implications  of  these  large  deletions 
on  chromosome  strocture,  stability  and  gene  regulation,  it  became  apparent  that  we  would  have 
to  develop  methods  to  permit  the  characterization  of  large  fragments  of  DNA.  The  use  of 
traditional  E:  coli  hosts  and  standard  cloning  vectors  for  such  studies  is  limited  by  the  capacity 
of  vectors  to  accommodate  mote  than  40  kb  of  insert  DNA.  This  problem  is  magnified  in  the 
analysis  of  P.  falciparum  DNA  where  die  unusually  high  A+T  content  of  the  parasite  DNA 
(80%  overall,  95%  in  non-coding  regions)  resulted  in  unstable  sequences  upon  propagation  in 
E,  coli  (11,12).  Thus,  even  attempts  to  clone  relatively  small  fragments  of  DNA  (  >5  kb) 
resulted  in  frequent  reatrangments  and  deletion  of  the  desired  insert  DNA.  In  addition,  it  was 
imperative  to  ^velop  approaches  which  would  allow  us  to  clone  authentic  P.  falciparum 
telomeres  associated  with  their  subtelomeric  regions  in  a  native  form.  To  accomplish  these 
goals,  substantial  effort  was  invested  in  adapting  yeast  attifical  chromosome  cloning  to  the 
parasite  and  constructing  and  characterizing  stable,  representative  YAC  libraries.  In  contrast  to 
K  coli,  S.  cerevisiae  is  able  to  accommodate  parasite  DNA  and  propagate  it  stably  and  without 
rearrangement,  hiserts  ranging  from  50  to  300  kb  were  obtained  as  stable,  linear  chromosomes 
in  yeast.  As  surmnaiized  in  Hguie  4,  this  approach  was  quite  successful,  resulting  in  a  library 
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from  FCR3  DNA  with  an  average  insert  size  of  150  kb.  The  cloned  fragments  are  stable  in 
yeast,  unrearranged,  and  representative  (14).  In  addition,  we  have  adapted  the  YAC  strategy  to 
isolate  P.  falciparum  chromosome  ends  by  exploiting  the  ability  of  P.  falciparum  telomeres  to 
function  as  primers  for  yeast  telomerase  addition.  This  approach  has  resulted  in  a  telomere 
enriched  library,  permitting  the  telomere  to  telomere  cloning  of  a  P.  falciparum  chromosome 
(Figure  5)  (15). 
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Additional  YAC  libraries  have  been  constructed  from  strains  Dd2  and  3D7.  Libraries 
with  large  (>250  kb)  and  small  (<50  kb)  inserts  have  been  generated,  respectively.  The  YAC 
cloning  strategy  has  overcome  the  problem  of  parasite  DNA  stability  and  has  provided  access 
to  subtelomeric  regions  of  the  parasite  as  needed.-  We  have  determined  that  for  chromosome  2, 
breakage  and  healing  results  in  deletion  of  a  150  kb  subtelomeric  region  which  includes  at 
least  one  additional  erythrocytic  stage  gene  (K3A).  The  deleted  DNA  is  not  detectable 
elsewhere  in  the  genome,  formally  confirming  that  rearrangement  of  the  KAHRP  does  not 
involve  DNA  translocation. 


Defining  ervthrocvtic  stage  promoters  in  P.  falciparum 


One  hypothesis  for  the  function  of  chromosomal  rearrangements  is  to  activate  or  repress 
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:r9nscription  of  adjacent  genes.  To  test  this  hypothesis  required  the  identification  of  intact 
transcription  units  by  determining  the  initiation  and  termination  sites  for  transcript-  n.  These 
studies  relied  upon  the  ability  to  stably  clone  DNA  sequences  upstream  of  a  target  gene  and 
determine  transcriptional  initiation  sites  by  nuclear  run-on  assays.  The  YAC  clones  proved  to 
be  valuable  in  providing  a  source  of  stable,  cloned  DNA  and  permitting  the  identification  of 
linkage  between  P.  falciparum  genes.  The  intergenic  region  between  these  genes  was  analysed 
for  the  presence  of  transcriptional  initiation  and  termination  signals. 


Transcriptional  initiation  sites  for  the  KAHRP  gene  and  the  GBP  130  gene  were 
characterized  using  the  stable  clones  obtained  from  the  FCR3  YAC  library  (14,26,27).  Both 
the  KAHRP  gene  and  the  GBP130  gene  were  found  to  be  tightly  linked  to  other  blood  stage 
genes,  shown  in  Figures  6  and  7,  defining  intergenic  regions  in  which  transcription  initiates 
and  terminates.  Sequence  elements  flanking  these  initiation  sites  were  demonstrated  to  be  the 
binding  sites  for  putatitive  transcription  factors  (27).  The  KAHRP  gene  is  transcribed  only  in 
the  ring  stage.  A  gel  shift  complex  was  identified  which  interacted  with  the  putative  promoter 
region  and  nuclear  extracts  from  infected  erythrocytes  which  demonstrated  stage-specific  DNA 
protein  interactions.  While  this  correlation  between  transcription  and  protem-DNA  complexes 
is  intriguing,  the  definition  of  a  prOthoter  is  a  functional  one.  To  directly  identify  if  these 
sequences  are  promoters,  they  are  being  tested  for  their  functional  activity  by  the  development 
of  transfection  strategies  for  the  parasite. 


Fig.  6  Fig.  7 

The  identification  of  authentic  transcriptional  initiation  sites  for  the  KAHRP  allowed  us 
to  determine  if  the  promoter  was  silenced  as  a  result  of  the  breakage  and  healing  event  or  if 
the  lack  of  stable  message  resulted  from  the  synthesis  of  an  unstable  mRNA.  Nuclear  run-on 
assays  were  performed  from  nuclei  isolated  from  knobby  and  knobless  parasites  for  the 
KAHRP  gene.  As  we  repotted  earlier,  the  KAHRP  gene  is  transcriptionally  active  at  the  ring 
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stage  in  knobby  isolates.  However,  no  detectable  promoter  activity  was  observed  by  nuclear 
run-on  analysis  for  the  remaining  KAHRP  gene  in  knobless  isolates.  Moving  of  the  telomere 
sequences  within  2  kb  of  the  KAHRP  gene  promoter  resulted  in  its  silencing,  in  a  manner 
analogous  to  that  observed  for  yeast  genes  when  they  are  moved  in  proximity  to  a  telomere 
(22). 


The  YAC  contig  map  for  chromosome  2  determined  in  Hgure  5  was  used  to  analyze 
homologous  chromosomes  from  other  P.  falciparum  strains.  These  comparisions  were 
facilitated  by  the  collection  of  STS  probes  generated  for  chromosome  2  which  give  a  resolution 
of  20  ko,  on  average.  Restriction  digestion  of  chromosome  2,  foUowed  by  hybridization  with 
these  probes  indicated  that  the  polymorphisms  observed  by  PFG  were  confined  to  the 
subtelomeric  regions.  Hgure  8  compares  the  FCR3  map  to  the  maps  of  chromosome  2  derived 
from  a  variety  of  isolates.  Chromosome  2  has  a  highly  conserved  central  domain;  strain- 
dependant  variations  mapped  to  the  subtelomeric  ends.  Three  types  of  subtelomeric 
polymorphisms  are  apparent  -  breakage  and  healing  (FVO',  D3,  Dd2),  DNA  insertion  (Dd2) 
and  substitutions  (K1  and  HB2). 

Analysis  of  chromosomal  rearrangement  in  other  eukaryotes  indicated  the  frequent 
association  of  transcriptional  activity  with  sites  of  chromosomal  rearrangement  (28).  To 
determine  if  unusual  transcriptional  patterns  were  associated  with  sites  of  chromosomal 
polymorphisms,  a  transcription  map  of  chromosome  2  was  constructed.  RNA  from 
asynchronous,  erythrocytic  stage  parasites  propagated  in  culture  was  isolated,  fractionated  into 
poly  A^  and  poly  A*  populations  and  the  corresponding  cDNA  labelled  to  high  specific  activity 
by  PCR  amplification.  These  probes  hybridized  to  YAC  clones  spanning  chromosome  2.  As 
seen  in  Figure  9  the  polymorphic  subtelomeric  region  is  not  transcribed  during  the  blood 
stages,  with  all  the  poly  A^  transcription  mapping  to  the  central  conserved  region.  The  KAHRP 
gene,  located  at  the  left  end  junction  of  subtelomeric  and  internal  domains,  is  the  site  of 
frequent  breakage  and  healing  events.  In  addition  to  the  poly  A^  transcripts  for  the  KAHRP, 
K3A  and  GLARP  genes^  a  poly  A'  transcript  was  identified.  This  unusual  density  of 
transcription  may  contribute  to  the  mechanism  of  chromosome^bie^ge  at  this  site. 
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Fig.  9 


These  data  support  the  hypothesis  that  chromosome  organization  is  compartmentalized,  with 
subtelomeric  regions  accounting  for  the  strain-specific  variations  observed.  The  structural 
organization  of  the  subtelomeric  region  differs  from  the  rest  of  the  chromosome  by  containing 
repetitive  sequences.  The  telomeric  repeats  average  1  kb  in  length,  composed  of  a  GGGTTTA 
repeat.  In  addition  at  least  three  other  repetitive  sequences  were  found  which  do  not  cross- 
hybridize  to  each  other  but  ate  found  on  other  subtelomeric  YAC  clones  and  intact  P. 
falciparum  chromosomes  (Figure  10).  Thus,  based  on  these  studies,  the  picture  we  can  present 
for  the  overall  organization  of  chromosome  2  in  Bgute  11  provides  the  basis  for  the  extensive 
genetic  variation  seen  for  this  parasite  and  forms  the  rationale  for  the  objectives  presented  in 
this  proposal.  The  extensive  genetic  variation  may  be  tolerated  by  the  parasite  since  it  occurs 
in  subtelomeric  regions  which  do  not  contain  transcribed  genes.  However,  whether  this 
hypothesis  holds  for  other  stages  of  the  life-cycle  and  other  parasite  chromosomes  will  need  to 
be  determined,  as  proposed  below. 
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Conmtunicated  by  P.Borst 

We  have  mapped  Hasmodium  falciparum  erythrocytic 
stage  transcription  units  on  chromosome  10  in  ^  vicinity 
of  the  gene  encoding  the  glycophorin  binding  protein 
(GBP130)  using  yeast  artificial  chromosomes  (YACs). 
Three  eiythrocytic  stage  transcriptkm  units  are  clustered 
in  a  40  kb  region.  Two  of  these  genes  are  closely  linked, 
separated  by  <2  kb.  Nuclear  run-on  data  demonstrate 
that  transcription  of  these  two  genes,  though 
unidirectional,  is  monocistitmic.  Within  this  intergenic 
r^km  are  the  sites  at  which  transcription  of  the  upstream 
gene  terminates  and  the  GBP130  gene  initiates.  These 
studies  represent  the  first  description  of  the  minimal  and 
necessary  cis-acting  elements  for  transcription 
terminatkm  and  initiation  in  this  protozoan  parasite. 
Key  words:  malaria  parasite/promoter/RNA  processing/ 
SV40  enhancer/yeast  artificial  chromosomes 


Introduction 

The  protozoan  parasite  responsible  for  the  most  severe  form 
of  human  malaria,  Plasmodium  falciparum,  alternates 
between  vertebrate  and  invertebrate  hosts.  During  this 
complex  life  cycle  gene  expression  is  regulated,  as  indicated 
by  the  accumulation  of  stage-specific  transcripts  (Ravetch 
et  al.,  1985;  Pologe  and  Ravetch,  1986;  Waters  et  o/.,  1989; 
Wesseling  et  al.,  198^'.  The  mechanisms  regulating  gene 
expression  in  this  important  human  pathogen  are  largely 
unknown,  due  in  part  to  the  difficulties  of  cloning  and  stably 
maintaining  potential  regulatory  sequences  in  standard 
prokaryotic  vectors  and  hosts.  Frequent  deletion  and 
reanangement  of  P.falciparum  DNA  has  been  observed  in 
Escherichia  coli  hosts  (Kochan  et  al.,  1986;  Wellems  and 
Howard,  1986;  Weber,  1988).  This  may  result  from  the 
extreme  A-l-T  content  of  the  parasite’s  genome,  which  is 
~  80%  overall  and  approaches  90%  in  non-coding  regions 
(Goman  et  al.,  1982;  Pollack  et  al.,  1982).  Thus,  our 
knowledge  of  the  P.falciparum  genome  has  been  largely 
restricted  to  short  and  isolated  fragments  of  the  coding 
region,  with  little  information  on  the  organization  of  genes 
or  the  elements  that  regulate  transcription.  Defining  these 
elonents  would  help  in  our  understanding  of  the  mechanisms 
regulating  gene  expression  and  host  switching.  Furthermore, 
a  basic  understanding  of  the  structural  elements  involved  in 
transcriptional  processes  is  a  necessary  first  step  for  the 
development  of  a  transfection  protocol  for  Plasmodium. 

Large  fragments  of  P.falciparum  DNA  have  been  cloned 


and  propagated  as  artificial  chromosomes  in  yeast  (Triglia 
and  Kemp,  1991;  de  Bruin,D.,  Lanzer,M.  and  Ravetch,).  V., 
manuscript  in  preparation),  suggesting  that  DNA  from  this 
parasite  can  be  stably  maintained  in  the  yeast  host.  YAC 
clones  spaiuiing  a  100  kb  region  of  the  GBP  130  locus  were 
isdated  aixl  erythrocytic  stage  transcripts  were  mapped.  Two 
additional  transcription  units  were  identified  flanking  the 
GBP130  gene.  Using  nuclear  run-on  assays,  these  transcripts 
were  shown  to  be  monocistronic.  Sequence  analysis  revealed 
that  the  transcripts  are  continuous  with  their  DNA.  By 
mapping  the  termination  and  initiation  sites  for  these  genes 
a  short  intergenic  region  has  been  identified  in  which  the 
minimal  sequence  elements  required  for  these  processes  must 
be  contained.  A  structural  motif  within  this  intergenic  region 
reveals  homologies  to  another  plasmodial  upstream  region, 
suggesting  common  elements  involved  in  transcriptional 
processes  of  these  genes. 

Results 

Clustering  of  blood  stage  genes  on  ^tromosome  10 
in  the  vicinity  of  the  GBP130  gene 

A  P.falciparum  YAC  library  was  constructed  by  cloning 
genomic  DNA,  partially  digested  with  EcoiPl,  into  the  YAC 
vector  pYAC4  (de  Bniin,D.,  Lanzer,M.  and  Ravetch,J.V., 
manuscript  in  preparation).  YAC  clones  containing  the 
GBP  130  gene  were  identified  by  PCR  analysis  using 
oligonucleotides  derived  from  the  GBP130  coding  region. 
Two  YAC  clones,  designated  FF12  and  GC12,  with  insert 
sizes  of  100  and  50  kb,  respectively,  were  r^Mained.  The 
two  YAC  clones  were  mapped  with  several  restriction 
enzymes,  including  BomHI,  Nco\  and  HindSH.  The 
restriction  analysis  reveals  that  the  YAC  clone  GC12  is 
contained  within  clone  FF12.  When  compared  with  total 
P.falciparum  genomic  DNA,  the  YAC  clones  were  found 
to  be  unrearranged  (Figure  lA).  These  clones  have  been 
stably  propagated  over  50  generations. 

To  determine  the  location  of  additional  erythrocytic  stage 
genes  sunounding  the  GBP130  gene,  a  transcription  map 
was  derived.  DNA  was  prepared  from  yeast  ceils  harboring 
the  GBP130  YACs,  digested  with  the  appropriate  restriction 
enzymes,  size-fractionated  by  pulse-field  gel  electrqihoresis 
and  transfened  to  nitrocellidose.  As  a  control,  DNA  from 
untransformed  yeast  cells  was  prepared  and  treated 
accordingly.  The  nitrocellulose  filter  was  probed  with 
radiolabelled  total  cDNA  which  was  prepared  from 
polyfA)"^  RNA  isolated  from  erythrocytic  stage  parasites. 
To  increase  the  hybridization  signals  the  cDNA  was 
amplified  by  PCR  using  GC  rich,  random  primers.  This 
choice  of  primers  favored  the  amplification  of  coding 
sequences  in  P.falciparum.  Since  the  distribution  of  GC  rich 
sequences  varies,  cDNA  species  are  amplified  unequally. 
Therefore,  the  intensity  of  hybridization  signals  does  not 
necessarily  correlate  with  RNA  accumulation  or  RNA 
st^ility  (see  Figures  3  and  4  for  comparison).  Hybridization 
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Fig.  1.  Stnictiini  otgnizsiion  of  the  OBP130  YAC  clones.  (A) 
Restriction  mappii^.  P.fiUdparum  genomk  DNA  (lanes  mariced  P.f.). 
GBP130  YAC  done  DNA  (Imes  mariced  FFI2  and  CX:i2. 
respectively)  and  yeast  DNA  (lane  marited  S.c.)  were  digested  with  the 
restriction  endonucleases  indksded,  size-fractiointed  by  pulse-field  gel 
dectrophoresis  and  transferred  to  nitrooellulose.  The  nitrocellulose 
filter  was  probed  with  a  cDNA  clone  to  the  GBP130  gene.  A  DNA 
size  standard  is  indicatBd.  (B)  Transcriptian  mapping.  GBP130  YAC 
clone  DNA  (FFt2  and  (jC12)  and  yeast  DNA  (S.c.)  were  digested 
with  Ncol  and  MrindlD,  respectively,  size-ftactionaled  by  pulse-fieM  gel 
etecirophoiesis  and  transferred  to  nitrooellulose.  The  nitrocellulose 
filler  was  l^btidtzed  witti  a  ladiolabelled,  total  cDNA  nrobe.  The 
cDNA  was  generated  feom  RNA  isololed  from  an  asynchronous 
eiylhrocytic  cohute  of  FCR3  parasites.  Hybridization  signals  specific 
fix’  ptasmodial  sequences  are  idemified  as  GBP130,  3.8  and  XI. 
Additianal  hybridUation  signals  evidem  on  the  autoradiograms  were 
disregarded  since  th^  also  appear  in  the  yeast  control  lane.  (C) 
Genomic  organization  and  restriction  map  of  the  GBP130  kxsis.  The 
two  CfflP130  YAC  clones.  FF12  and  GC12,  are  indicaied.  Shaded 
rectanglea  indicate  the  location  of  transcription  units.  The  precise 
location  of  the  Xl  transcription  unit  was  not  determined  as  denoted  by 
the  jagged  borders.  (N,  Ncol;  B,  BomHI;  H,  ttnW). 


^gnab  ftM*  the  Ned  and  Aiindin  digests  are  shown  in 
Rgime  IB.  The  ptdierns  were  related  to  the  restriction  map 
^taxlby  definite  a  dmxnoscnnal  transcription  map.  Bands 
diat  were  also  present  in  the  control  lane  marked  S.c.  were 
(hnt^arded.  In  addititni  to  the  GBP130  gene  at  least  two 
new  erythrocytic  transcription  units  were  identified  and 
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Fig.  2.  Genomic  organization  and  the  sequence  of  the  3.8  gene  and 
the  GBP130  intergenic  region.  (A)  Genomic  organization  and  clones. 
Open  reading  frames  are  indicated  by  rectangles.  Several  genomic  and 
cDNA  clones  are  shown.  A  triangle  in  the  genomic  clone  2044 
indicates  an  internal  deletion  generated  during  cloning  in  E.coU 
(Kochan  a  al.,  1986).  (B)  Sequence  of  the  GBP130  intergenic  region. 
The  intergenic  region  is  flank^  by  the  3.8  and  GBP130  open  reading 
frames  as  indicated.  Two  polyadenylation  sites  for  the  3.8  gate  are 
underlined.  A  duplication  of  30S  bp  is  indicated  by  large  boxes.  A 
sequence  element  with  homology  to  the  SV40  core  enhancer  sequence 
is  Mghligbted.  The  GBP130  transcription  start  site  is  indicated  by  an 
arrowhead. 

designated  as  3.8  and  XI.  llie  chromosomal  location  of  these 
transcription  units  is  shown  in  Figure  1C. 


Two  blood  stage  tmtsa^/don  unhs  an  dghdy  fnkad 
Restriction  mapping  of  this  locus  revealed  that  two  of  these 
blood  stage  genes,  the  3.8  and  the  GBP130  genes,  are  tightly 
linked  by  a  short  intergenic  region  of  <  2  kb.  To  define  this 
intergenic  region  the  locus  was  cloned  and  sequenced,  as 
presented  in  Figure  2.  The  sequence  reveals  die  presence 
of  two  open  reading  frames,  sq>arated  by  a  3  kb  regitm  of 
AT  rich  sequence,  characteristic  of  non-coding  sequence  in 
P.fidc^panm.  Probes  were  derived  fnnn  the  S'  open  reading 
frame  and  used  to  isdate  cDNA  clones  from  a  library 
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Fig.  3.  Stage-speciric  expression  of  the  GBP130  and  3.8  genes.  Stage- 
specific  RNA  was  isolated  from  ring  (R),  trophozoite  (T)  and  schizont 
(S)  parasites,  size-ftactionaied  on  a  0.8%  agarose  gel  and  transferred 
to  nitrocellulose.  The  nitrocellulose  filters  were  hybridized  with  a 
cDNA  done  to  the  GBPI30  gene  and  with  the  cDNA  clone  A228  to 
the  3.8  gene,  respectively.  An  RNA  size  standard  is  indicated.  Unlike 
prevkwsly  published  results  (Ravetch  ei  at.  (1983),  the  GBP130 
transcript  accumulates  only  in  trophozoites.  The  separation  of  parasite 
stages  1^  percoll -sorbitol  gradient  centrifugation  enabled  us  to 
determine  the  stage-specific  transcription  of  this  gene  with  greater 
accuracy  (Kutner  et  al. ,  1983). 

generated  from  asynchronously  growing  erythrocytic  stage 
parasites  (Ravetch  et  al.,  1983).  A  compariscMi  of  the  cDNA 
sequence  with  the  genomic  sequence  revealed  an  intron  of 
201  bp,  which  is  flanked  by  consensus  acceptor  and  donor 
sites.  Thus,  the  linkage  of  two  blood  stage  genes  as  deduced 
from  the  transcription  map  is  confirmed  by  these  structural 
data. 

The  erythrocytic  stage-specific  expression  of  these  two 
genes  was  determined  by  Northern  s^ysis.  Total  cellular 
RNA  was  isolated  from  the  ring,  trophozoite  and  schizont 
intra-erythrocytic  forms  of  the  parasite.  When  the  Northern 
blot  was  hybridized  with  a  prc^  to  the  3.8  gene,  a  single 
RNA  ^lecies  of  3.8  kb  was  observed  in  ring  and  trophozoite 
stage  parasites  (Figure  3).  Rehybridization  of  the  same  blot 
with  a  GBP130  probe  revealed  the  GBP130  transcript  of 
6.6  kb  in  trophozoites  (Figure  3).  A  probe  from  the 
intergenk  region  did  not  hybridize  to  any  IWA  species  (data 
not  shown). 

Timsa^tdon  of  tho  GBP130  gene  is  monodstrorik: 
end  continuous 

A  nuclear  run-on  analysis  was  performed  to  determine 
whetfier  transcription  of  the  3.8  and  the  GBP130  genes  are 
monocistronic  or  pdycistronic.  If  transcription  of  these  two 
genes  is  monocistnmic  then  the  intergenic  region  should 
ctHitain  regulatory  signals.  Nitelei  were  isolated  during  the 
trophozoite  stage,  in  which  both  genes  are  transcribed. 
Iheformed  transcription  complexes  were  allowed  to  elongate 
in  the  presence  of  labelled  nucleotides.  The  radiolabelled, 
nascent  RNA  was  used  as  a  probe  for  DNA  fragments 
sparuiing  tiiis  locus  (Figure  4).  Fragment  size  and  base 
composition  were  rq^rroximately  equivalent  for  these 
fragments.  Nascent  IWA  hybrid!^  to  fragment  1  which 
contains  the  3.8  gette  and  to  fragments  3-6  which  span  the 
GBP130  gene.  By  corurast,  the  intergenic  region,  fragment 
2,  dki  not  hybridize  to  nascent  RNA,  indicating  that  it  is 
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fig.  4.  The  3.8  and  the  GBP130  genes  define  independent 
transcription  units.  The  schematic  drawing  reveals  the  organizittion  of 
the  locus  and  the  orientation  of  the  3.8  and  GBPI30  genes.  Shaded 
rectangles  denote  the  open  reading  frames  of  these  genes.  The 
initiation  site  of  the  GBPI30  gene  and  the  termination  site  of  the  3.8 
gene  are  indicated.  DNA  fragments  spanning  the  entire  locus  are 
presented  and  numbered.  The  isolated,  single  stranded  DNA  fiagments 
were  immobilized  on  a  nitrocellulose  filter  which  was  hybridized  with 
labelled,  nascent  RNA  generated  in  a  nuclear  run-on  amdysis.  Nuclei 
were  prepared  fiom  trophozoite  stage  parasites.  A  quantitative  analysis 
obtained  by  scanning  the  autoradiogram  is  shown.  C  is  a  non- 
plasmodial  AT  rich  fragment  included  as  a  control.  A  gradient  of 
signal  intensity  is  seen,  reflecting  the  distribution  of  labelled  transcripts 
generated  during  the  extension  reaction,  which  hybridize  to  the  single 
stranded  DNA  probes  used.  RNase  was  included  in  the  washing  buffer 
to  remove  radiolabelled  sequences  outside  of  the  hybridization  target. 
(Washing  conditions:  two  washes  at  SS°C  in  0.1  XSSC,  0.1%  SDS  for 
20  min  each;  and  one  wash  at  42°C  in  2  xSSC,  30  /ig/ml  of  RNase  A 
for  1  h.) 

not  transcribed  (Figure  4).  Thus,  the  3.8  and  the  GBP130 
genes  are  transcribed  independently  in  a  monocistronic 
fashion.  The  3.8  kb  transcript  is  terminated  with  an  efficiency 
of  >90%  as  calculated  from  the  ratio  of  radioactivity  bound 
to  fragment  1  versus  2. 

The  precise  termination  site  for  the  3.8  transcript  was 
determined  by  RNase  protection  experiments  (Figure  SA). 
A  single  stranded,  radiolabelled  RNA  probe  complementary 
to  the  3.8  mRNA  was  generated  (prote  A,  Figure  5C)  and 
hybridized  to  poly(A)‘^  trophozoite  RNA.  Upon  RNase 
digestion  a  major  species  of  3(X)  lq>  was  detected,  as  well 
as  two  minor  species  of  130  and  140  bp  in  size.  The  major 
species  maps  to  the  cemsensus  polyadenylation  site  (AATAA) 
at  position  15(X)  (see  Figure  2B),  while  die  minor  species 
map  to  the  polyadenylation  site  at  position  1270.  The 
polyadenylation  site  at  position  1S(X)  h^  been  confirmed  by 
the  isolation  of  poly(A)  containing  cDNA  clone  (A228) 
which  has  utilized  this  site.  These  data  verify  the  orientation 
of  the  3.8  transcript  and  its  terminatirai  site  in  the  intergenic 
region. 

The  S'  end  of  the  GBP130  gene  was  determined  by  SI 
mapping  and  primer  extension  (Figure  SB).  The  primer 
extended  product  was  recovered  from  the  gel  and  ai^yzed 
by  anchored  PCR,  confirming  that  the  printer  used 
hybridized  to  and  extended  the  GBP130  RNA.  Both  primer 
extension  and  SI  analysis  map  the  3'  end  of  the  GBP130 
RNA  to  position  3216  (numbering  refers  to  Figure  2B). 
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GTTGTGAGTAAGCAG-CAGTTTAAGGTGTGGTAACCCCCC 
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ATAAAATGTAAGCAGAAAAGGAATGGTGTGTTAACTTATT 
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Fig.  7.  Sequence  analysis.  Sequence  eieniems  derived  from  the 
GBP  130  intergenic  region  and  from  the  upstream  region  of  the 
P.knowlesi  CS  gene  are  compared  with  the  $V40  core  enhancer 
region. 
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Fig.  5.  Mapping  of  (erminadon  and  initiation  sites  in  the  intergenic 
region.  (A)  Termination  of  the  3.8  gene.  RNase  protection  analysis;  a 
single-stranded,  radiolabelled  probe  specific  for  the  3.8  gene  (probe  A. 
position  1179—1582  in  Figure  2B)  was  generated  and  hybridized  to  10 
fig  of  poly(A)'''  trophozoite  RNA.  Upon  RNase  digestion  products 
were  analyzed  by  gel  electrophoresis  (lane  marked  P.f.).  The  sizes  of 
the  products  were  compared  with  a  standard.  A  control  using  yeast 
polyfA)'*'  RNA  was  analyzed  in  parallel  (lane  marked  yeast).  (B) 
Initiation  of  the  GBP130  gene.  SI  mapping  analysis:  a  single  stranded, 
end  labelled  probe  (probe  B,  position  ^9-3421  in  Figure  2B) 
^Kcific  for  the  GBP130  gene  was  hybridized  to  IS  fig  of  total  cellular 
RNA  prepared  from  trophozoites.  Upon  digestion  with  Si  (16°C  and 
330  U/ml  of  enzyme  for  90  min)  products  were  analyzed  by  gel 
electrophoresis.  The  size  of  the  piquet  (indicated  by  an  arrow)  was 
congta^  with  a  sequencing  reaction.  Primer  extension  analysis:  an 
end  labelled  primer  (corresponding  to  position  3236-3269  in 
Figure  2B)  was  hybridized  to  1  fig  of  poiy(A)''’  trophozoite  RNA. 
Exiensioo  products  were  analyzed  by  gel  electrophoresis  and  compared 
with  a  sequencing  reaction  of  genomic  DNA  using  the  same  primer. 
The  primer  extended  product  was  recovered  from  the  gel,  amplified  by 
anchored  PCR  technology  (Loh  et  al.,  1989),  cloned  and  sequenced. 
(C)  Schematic  drawing  of  the  locus.  The  probes  used  for  RNase 
protection  assay  (probe  A)  and  for  SI  mapping  (probe  B)  are 
indicated.  The  termination  site  for  the  3.8  transcript  is  indicated  by  a 
hexagon  and  the  initiation  site  for  the  GBP130  gene  by  the  arrowhead. 
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Fig.  6.  o-amanhin  sensitive  transcription  of  the  GBP130  gene.  Nuclei 
were  isoltued  from  trophozoite  parasites.  One  aliquot  of  the  nuclei 
preparation  was  incubated  with  1(X)  fig/ml  of  a-amanitin  prior  to 
transcription.  A  gene  expressed  only  during  the  insect  stage,  the  CS 
gene  (Enea  et  al.,  1984)  and  the  ribosomal  rRNA  genes  (Langsley 
et  al.,  1983)  were  analyzed  in  parallel  for  comparison. 

Transcription  of  the  GBP130  gene  is  sensitive  to  the  RNA 
polymerase  inhibitor  a-amanitin  as  determined  by  nuclear 
run-on  analysis  (Figure  6). 


AAATGTAAGCAGAAAAGGAATGGTGTGTTAACTTAT 

TTTACATTCGTCTTTTCCTTACCACACAATTGAATA 

Fig.  8.  Interaction  of  the  GBP  1 30  sequence  element  with  nuclear 
extracts.  2  finol  of  double  stranded,  end  labelled  oligonucleotides 
containing  the  GBP130  sequence  element  were  incubated  with  5  fig  of 
crude  nuclear  extracts  derived  from  asynchronously  growing  parasite 
culnires.  The  sequence  of  the  oligonucleotide  is  shown  at  the  bottom. 
The  amount  of  poly  d(IC)  added  to  the  binding  assays  is  indicated. 

For  cross  competition  experiments  50  ng  of  unlabelled  GBP  130 
oligonucleotides  or  2  fig  of  DNA  fragment  containing  the  GBPI30 
intergenic  region  were  added.  In  addition  2  fig  of  pUCI8  DNA  and 
fragments  containing  the  upstream  region  either  of  the  KAHRP  gene 
(M.Lanzer,  D.de  Bruin  and  J.V.Ravetch,  manuscript  in  preparation)  or 
the  PI95  gene  (Myler,  1990)  were  tested  for  their  ability  to  compete. 

A  control  experiment  was  performed  using  extracts  fiom  uninfected 
erythrocytes  (lane  marked  RBC  extract). 


These  data  indicate  that  the  GBP130  gene  is  closely  linked 
to  another  blood  stage  gene,  which  is  transcribed  in  die  same 
orientation.  Since  transcription  of  the  3.8  and  GBP130  genes 
is  monocistronic,  the  region  between  both  genes  must  contain 
the  minimal  elements  that  signal  both  the  termination  and 
initiation  of  transcription  in  P.falciparum  blood  stage  genes. 

Structural  analysis  of  the  mtargerrk:  ra^on 

The  intergenic  region  defined  above  was  examined  for 
sequence  elements  indicative  of  eukaryotic  promoters.  The 
sequence  at  position  3029  -  3063  (highlight^  in  Figure  2B) 
shows  homology  to  the  core  region  of  the  SV40  enhancer 
sequence  (Weiher  et  al.,  1983)  and  to  a  sequence  element 
found  in  the  upstream  region  of  the  Plasmodium  knowlesi 
CS  gene  (Ruiz  i  Altaba  et  al.,  1987)  (Figure  7).  To 
determine  whether  this  sequence  element  interacts  with 
nuclear  proteins,  gel  retardation  assays  were  performed 
(Figure  8).  Oligonucleotides  containing  this  element  were 
incubated  with  nuclear  extracts  derived  from  asynchronously 
growing  P.falciparum  erythrocytic  cultures.  A  stable 
complex  is  observed,  even  in  the  presence  of  high 
concentrations  of  non-specific  ccanpetitor  DNA.  The  stability 
of  this  complex  was  analyzed  by  cross  competition 
experiments.  Neither  pUC18  DNA  nor  DNA  fragments 
containing  the  upstream  region  of  the  KAHRP  (M.Lanzer, 


1952 


Transcription  units  in  P.lalcipanim 


D.de  Bruin  and  J.V.Ravetch,  manuscript  in  preparation)  or 
the  P195  genes  (Myler,1990)  can  compete  for  the  complex 
By  contrast,  complex  formation  is  not  observed  in  the 
presence  of  unlabelled  GBP130  oligonucleotides  or  of  DNA 
containing  the  GBP130  intergenic  region.  Extracts  prepared 
from  uninfected  erythrocytes  do  not  interact  with  the 
sequence  element  tes^.  Th^  data  suggest  that  the  sequence 
element  found  in  the  GBP  130  intergenic  region  is  a  target 
for  protein— DNA  interactions.  No  further  homologies  to 
other  known  protein  binding  sites  were  found.  Another 
prominent  feature  of  the  intergenic  region  is  the  presence 
of  a  305  bp  duplication  between  positions  2223  and  2855, 
indicated  by  the  boxed  sequences  in  Figure  2B. 

Discusskm 

During  the  asexual  erythrocytic  stage  of  the  malaria  parasite 
P.falcipanm,  three  distinct  morphological  stages  have  been 
defined— the  ring,  trophozoite  and  schizont.  In  addition  to 
the  morphological  distinctions  evident  during  these  stages, 
discrete  patterns  of  gene  expression  have  been  observed,  both 
for  protein  (Hall  et  al.,  1984;  Perkins,  1988;  Weber  1988; 
Kemp  et  al.,  1990)  and  RNA  (Pologe  and  Ravetch,  1986; 
Waters  et  al.,  1989;  Wesseling  et  al.,  1989).  In  a  study 
characterizing  five  blood  stage  genes  by  nuclear  run-on 
analysis,  we  have  determined  that  the  changes  observed  in 
RNA  accumulation  during  the  various  morphological  stages 
result  from  the  regulation  of  transcriptional  activity 
(M.Lanzer,  D.de  Bruin  and  J.V.Ravetch,  manuscript  in 
preparation).  Thus,  plasmodial  genes  are  regulated  during 
the  switch  from  invertebrate  to  vertebrate  hosts  and  during 
differentiation  within  a  single  host  cell.  However,  the 
molecular  basis  for  this  stage-specific  gene  regulation  is 
unknown  due  to  the  lack  of  structural  information  regarding 
potential  regulatory  sequences  and  a  functional  assay  in 
which  to  test  these  sequences.  The  isolation  and 
characterization  of  potenti^  regulatory  sequences  from 
P.Jalcipamm  is  a  necessary  prerequisite  for  the  development 
of  these  functional  assays.  In  this  study,  we  have  identified 
a  2  kb  region  of  DNA  in  which  we  demonstrate  the  presence 
of  the  minimal  elements  for  transcriptional  termination  and 
initiation  for  blood  stage  genes. 

Structural  information  regarding  large  fragments  of 
plasmodial  DNA  has  not  been  available  due  to  the  inability 
to  clone  these  sequences  in  an  unrearranged  and  stable  form 
(Weber,  1988).  Consequentiy,  only  one  linkage  between 
plasmodial  genes  has  b^n  established  to  date  (Robson  and 
Jennings,  1991).  Long  linear  fragments  of  P.falcipanm 
DNA  were  cloned  as  artificial  chromosomes  in  yeast. 
Unrearranged  sequences  for  a  1(X)  kb  region  have  been 
isolated  and  found  to  be  stably  propagated  in  the  yeast  host 
(Figure  1).  By  probing  these  YAC  clones  with  labelled,  total 
cDNA,  novel  transcription  units  have  been  identified.  The 
transcription  map  derived  from  this  study  reveals  three 
erythrocytic  transcripts  contained  on  a  1  CIO  kb  region  of 
chromosome  10. 

The  linkage  of  the  3.8  and  the  GBP130  genes  defines  a 
short  intergenic  region  of  2  kb.  Nuclear  run-on  analysis 
indicates  that  these  genes  are  independent  transcription  units, 
with  discrete  initiation  and  termination  sites.  Thus,  this 
observation  strongly  suggests  the  presence  of  signals  for 
transcripticmal  termination  (for  the  3.8  gene)  and  initiation 
(for  the  GBP130  gene)  within  this  intergenic  region. 


The  3'  end  of  the  3.8  gene  was  found  to  map  to  consensus 
polyadenylation  sites  which  are  flanked  by  long  poly(A)  and 
poly(T)  tracks.  These  sequences  have  the  potential  to  form 
stem— loop  structures  in  the  transcribed  RNA  which  may 
be  associated  with  the  termination  of  transcription.  This 
region  has  features  characteristic  of  termination  sites  defined 
for  the  slime  mold  Dictyostelium  (Kimmel  and  Firtel,  1982), 
in  which  a  consensus  polyadenylation  signal  precedes  a 
genomic  poly(A)  tr^k  of  30  nucleotides.  A  similar  sequence 
organization  has  been  reported  for  the  termination  site  of 
the  CS  gene  of  the  simian  malaria  parasite  P.knowlesi  (Ruiz 
i  AJtaba  et  al. ,  1987).  cDNA  clones  isolated  for  the  3.8  gene 
predict  an  open  reading  frame  encoding  a  novel  plasmodial 
protein.  Comparison  of  this  sequence  with  the  protein 
database  (Dayhoff,  December  1991)  revealed  homology  to 
the  family  of  serine  kinases,  particularly  in  the  region 
between  amino  acids  80  and  170,  the  enzymatic  active  site. 

A  unique  initiation  site  was  observed  for  the  GBP  130  gene 
as  well  as  for  two  other  plasmodial  genes  (the  P195  and  the 
KAHRP  genes,  M.Lanzer,  D.de  Bruin  and  J.V.Ravetch, 
manuscript  in  preparation).  In  contrast,  multiple  initiation 
sites  have  been  suggested  for  the  three  other  plasmodial  genes 
investigated  to  date  [the  CS  gene  of  the  simian  malaria 
parasite  P.knowlesi  (Ruiz  i  Altaba  et  al.,  1987);  the  Py230 
gene  of  the  rode^it  parasite  Plasmodium  yoelii  (Lewis,  1990) 
and  the  PI 95  gene  of  P.falcipanm  (Myler,  1990)].  One 
reason  for  this  difference  may  be  due  to  the  frequent  pausing 
of  reverse  transcriptase  in  AT  rich  regions,  which  could  be 
misinterpreted  as  multiple  initiation  sites.  Comparison  of 
genomic  and  cDNA  sequences  indicates  that  the  GBP  130 
gene  is  continuously  transcribed.  However,  post- 
transciiptional  processing  of  the  transcript  occurs  through 
cis-splicing  and  polyadenylation.  Tra  scription  of  the 
GBP130  gene  is  sensitive  to  th,^  RNA  polymerase  inhibitor 
a-amanitin.  Similar  to  other  eukaryotic  genes  transcribed 
by  a-amanitin  sensitive  polymerases,  the  sequences 
immediately  upstream  of  the  initiation  site  for  the  GBP130 
gene  contain  features  suggestive  of  eukaryotic  promoters. 
A  sequence  element  in  the  GBP130  intergenic  region  was 
found  to  be  homologous  to  the  core  region  of  the  SV40 
enhancer  (Weiher  et  al.,  1983)  and  to  a  similar  sequence 
motif  in  the  upstream  region  of  the  P.knowlesi  CS  gene  (Ruiz 
i  Altaba  et  al.,  1987).  The  GBP130  sequence  element  was 
found  to  bind  to  nuclear  proteins  derived  from  erythrocytic 
stage  parasites  in  a  sequence-specific  manner  in  mobility  shift 
assays.  Although  these  homologies  are  suggestive  of 
promoter  elements,  the  lack  of  a  functional  assay  for  putative 
plasmodial  promoters,  either  in  vitro  or  in  vivo,  limits  the 
conclusions  that  can  be  drawn  regarding  the  role  of  this 
sequence  in  parasite  gene  transcription.  We  would  expect 
that  this  element  is  involved  in  more  general  transcriptional 
processes  and  not  in  stage-specific  regulation,  since  it  is 
present  in  genes  transcribed  at  different  stages  of  the 
parasite’s  life  cycle.  Precise  stage-specific  regulation  of  the 
GBP  1 30  gene  may  be  mediated  by  the  large  direct 
duplication  that  is  unique  for  the  upstream  sequence  of  this 
gene. 

Materials  and  methods 

CuMvation  of  parasftaa 

The  P.falcipanun  strains  A2  and  FCR3  were  grown  and  maintained  as 
describi^  by  Trager  and  Jansen  (1976)  and  by  Tragere/ a/.  (1981).  If  not 
stated  otherwise  the  clonal  P.fcdcipamm  strain  A2  was  used.  Parasite  cultures 
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were  synchronized  by  percoU- sorbitol  gradient  centriiugation  (Kutner  ei  at.. 
1983).  No  gametocytes  were  observed  in  the  culture  under  the  growth 
conditions  employed. 

Conatnictlon  of  P.fetc^tatum  YAC  Kbrary 

A  P.falcipanm  YAC  library  was  constructed  as  described  (de  Bruin.D., 
Lanzer.M.  and  RavetchJ.V.,  manuscript  in  preparation).  Genomic  DNA 
was  prepared  from  the  P.falciparum  strain  FCR3  (Goman  et  at. ,  1982), 
partially  digested  with  EcoRl,  and  inserted  into  the  £coRl  cloning  site  of 
the  YAC  vector  pYAC4  (Burke  el  at.,  1987).  Yeast  spheroplasts  (strain 
AB1380,  ATXX  20843)  were  transformed  with  the  ligation  mixhire  as 
described  by  McCormick  el  at.  (1989)  with  the  exception  that  polyamines 
were  excluded.  Transformants  were  selected  on  media  lacking  either  uracil 
or  uracil  and  tryptophan.  The  YAC  library  was  screened  by  PCR  analysis 
(Heard  et  at.,  1989;  Green  and  Olson.  1990). 

Mapping  of  YAC  clonaa 

YAC  clone  DNA  imbedded  in  agarose  plugs  (Schwartz  and  Cantor,  1984) 
was  digested  with  restriction  endonucleases  and  size  fractionated  by  pulse- 
field  gel  electrophoresis  using  a  the  Bio-Rad  CHEF-DRII  system  (pulse- 
field  conditions:  ramped  pulse  from  2.3  to  10  s  over  18  h  at  170  V,  1% 
LE  agarose  (FMC),  O.SxTBE,  at  I4°C].  DNA  was  transferred  to 
nitrocellulose  filters  and  hybridized  with  nick  translated  DNA  fragments 
or  with  radiolabelled  total  cDNA.  Probes  for  transcription  mapping  were 
generated  by  the  reverse  transcription  of  I  /ig  of  poly(A)'^  RNA  prepared 
from  an  asynchronous  erythrocytic  culture  (30  mM  Tris-HCI  pH  8.3, 73 
mM  KCI,  3  mM  MgCI,,  10  mM  DTT,  I  mM  dGTP,  I  mM  dCTP.  1  mM 
dTTP,  6  pM  dATP.  1  /.M  (a-^^PjdATP  (3000  Ci/ml),  0.3  ^g/ml  pd(N)s, 
40  LI  of  rRNasin  (Promega)  and  600  U  of  M-MLV  H~  reverse 
transcriptase  (superscript,  BRL)  for  60  min  at  43°C] .  The  total  cDNA  was 
purified  column  chromatography  and  amplified  by  PCR  in  the  presence 
of  (a-^^PJdCTP  using  the  TAG-IT  kit  (BIOS)  which  uses 
d(N)«(GCXGCXGC)  as  primers.  Hybridization  conditions  (Kochan  el  at., 
1986)  included  2(X)  /ig/ml  of  total  yeast  RNA  as  coirqietitor. 

Nudaae  nm-on  anafysb 

All  steps  were  carried  out  on  ice.  At  a  parasitemia  of  -  3%  P.falcipanm 
cultures  were  chilled  on  ice.  The  contents  of  30  10  cm  Petri  dishes  were 
collected  and  washed  once  in  1  xPBS  buffer.  Erythrocytes  were  lysed  by 
the  addition  of  an  equal  volume  of  0. 1  %  saponin  (Wallach,  1982),  followed 
by  one  wash  in  solution  A  (20  mM  PIPES  pH  7.3,  13  mM  NaCI,  60  mM 
KCI.  14  mM  U-mercaptoiXhanol,  0.3  mM  EGTA,  4  mM  EDTA,  0. 13  mM 
spetmine,  0.3  mM  spermidine,  0. 123  mM  PMSF).  The  parasite  pellet  was 
resuspended  in  3  ml  of  scdution  A  and  transferred  to  a  dounce  homogenizer. 
200  pi  of  a  10%  NP-40  solution  was  added  and  six  strokes  with  a  B  pestle 
were  applied.  Nuclei  were  collected  (4(XX)  r.p.m.  for  10  min  in  a  S^all 
SM24  rotor)  and  washed  once  in  solution  A.  3x10^  nuclei  were  transcribed 
at  37°C  tbr  10  min  in  600  pi  of  solution  B  (30  mM  HEPES  pH  7.9,  30 
mM  NaCI,  10  mM  MgClj,  1.2  mM  DTT,  10  mM  creatine  phosphate,  1 
mM  OTP,  1  mM  CTP,  4  mM  ATP,  23%  glycerol,  123  U/ml  rRNasin 
(Promega),  0.2  mg/ml  creatine  kinase  and  0.3  pM  (a-^^P]UTP  3000 
Ci/mmol].  Radiolabelled  RNA  was  isolated  (Chomcynski  and  Sacchi,  1987) 
and  purified  by  TCA  precipitation.  Usually  2x10^  c.p.m.  were 
incorporated  into  nascent  RNA,  with  a  ^lecific  activity  of  9x10^ 
c.p.m./pg.  The  nascent  RNA  was  hybridized  to  single  stranded  DNA 
fragments  (0.2  pmol)  immobilized  on  nitrocellulose.  The  prehybridization 
and  hybridization  conditions  are  described  (Nevins,  1987).  Filters  were 
washed  three  tiines  for  20  min  in  2  xSSC,  0. 1  %  SDS  at  room  temperahire, 
twice  at  33°C  in  O.lxSSC,  0.1%  SDS,  followed  by  one  wash  at  42°C 
in  2xSSC.  30  pg/ml  of  RNase  A  for  1  h.  Filters  were  dried  and  exposed 
overnight  at  -70‘’C  with  an  intensifying  screen. 

BactarU  atrabia  and  Bbrarias 

To  minimize  recombination  and  deletion  events  plasmid  DNA  was 
propagated  in  the  E.coU  host,  SURE  (Stratagene).  Two  libraries  of 
P.falcipanm  (strain  A2),  a  pUC9  plasmid  cDNA  (Kochan  et  at.,  1986) 
and  a  Xgtl  1  genomic  libiaiy  were  screened  usii^  standard  methods  (Mmiiatis 
et  al.,  1989).  The  integrity  of  all  clones  and  sequences  was  confirmed  by 
Southern  analysis. 

Primar  axtanalon 

0.1  pmol  (l.SxlO’  c.p.m.)  of  end  labelled  oligonucleotide  primer 
(3'-GAAGTACACTCAAAATAAGTTATATACCATATG-3')  and  1  pg 
of  potyfA)'*'  trophozoile  RNA  were  coprecipitated  and  hybridized  (Maniatis 
et  al.,  19W).  After  ethanol  precipitation  the  primer  was  extended  at  43°C 
for  90  min  (50  mM  Tris-HCI  pH  8.3,  75  mM  KCI,  3  mM  MgClj.  10 
mM  DTT,  1  mM  dNTP,  40  U  of  rRNasin  (Promega)  and  300  U  of  M- 
MLV  H~  reverse  transcriptase  (superscript,  BRL)].  Products  were 
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analyzed  by  gel  electrophoresis.  Primer  extension  products  were  recovered 
from  the  polyacrylamide  gel  (Maniatis  et  al. .  1989).  tailed  with  dGTP  and 
amplified  (Loh  et  al..  1989).  Amplified  DNA  fragments  were  cloned  into 
pUCI8  and  sequenced  by  using  the  universal  forward  primer. 

SI  mapping 

A  //incll- A/col  fragment  was  isolated  fiom  the  genomic  clone  8771 .  This 
fragment  was  used  to  generate  a  single  stranded  DNA  probe  by  PCR 
amplification  using  the  end  labelled  primer  (5'-TATTAAAAATATTAAA- 
CAGATTAAG-3').  The  single  stranded  product  was  purified  by  gel 
electrophoresis.  2  x  10^  c.p.m.  of  the  probe  and  IS  ^g  of  total  cellular  RNA 
were  hybridized  (Maniatis  et  at..  1989).  SI  digestion  was  carried  out  at 
16°C  for  90  min  with  330  U/ml  of  SI. 

RNaaa  protaction  aaaay 

A  Ncol-HincU  fragment  corresponding  to  position  1 179- 1582  in  Figure  2B 
was  cloned  into  pGEM3.  A  single  strained  RNA  probe  complementary 
to  the  3.8  mRNA  was  generated,  gel  purified  and  hybridized  to  10  ^g  of 
total,  cellular  trophozoile  RNA.  Hybridization  and  digestion  conditions  (0.3 
U/ml  of  RNase  A  and  100  U/ml  of  RNase  Tl  for  30  min  at  37°C)  were 
followed  as  recommended  by  the  manufecturer  of  the  ribonuclease  protection 
assay  kit  (Ambion). 

Northern  artalyaia 

Total  cellular  RNA  was  isolated  by  the  acidic  guanidinium  -  phenol - 
chloroform  method  (Chomcynski  and  Sacchi,  1987).  3  |tg  of  total  cellular 
RNA  were  fractionated  on  a  0.8%  agarose- formaldehyde  gel.  transferred 
to  nitrocellulose  and  hybridized  with  nick-translated  probes.  Hybridization 
conditions  are  described  by  Pologe  and  Ravetch  (1986). 

Preparation  of  nuclear  extracts 

Parasites  were  prepared  by  saponin  lysis  (Wallach,  1982).  The  following 
method  was  adapted  from  Schreiber  et  at.  (1989).  About  3  x  10^  parasites 
were  resuspend^  in  I  ml  of  lysis  buffer  (10  mM  HEPES  pH  7.9,  10  mM 
KCI,  0. 1  mM  EDTA,  0. 1  mM  EGTA,  1  mM  DTT,  0.5  mM  PMSF  and 
0.65%  NP-40).  Nuclei  were  collected  by  centrifugation  and  extracted  with 
100  gl  of  extraction  buffer  (20  mM  HEPES  pH  7.9,  0.4  M  NaCI,  I  mM 
EDTA,  1  mM  EGTA,  1  mM  DTT  and  1  mM  PMSF).  After  15  min  of 
vigorous  shaking  the  extraa  is  cleared  by  centrifugation,  yielding  a  protein 
concentration  of  I  -2  iigliil.  3  ftg  of  crude  nuclear  extract  were  incubated 
with  2  ftnol  of  double-stranded,  end  labelled  oligonucleotides  for  20  min 
atroomremperalure(20mMHEPESpH7.9,  100  mM  NaCI.  I  mMEDTA, 
1  mM  DTT,  5%  glycerol,  0.25  mg/ml  BSA,  2  ftg  poly  d(IC)  or  as  indicaied; 
final  volume;  15  /tl].  Binding  assays  were  analy;^  by  gel  electrophoresis 
(4%  polyacrylamide,  5%  glycerol  and  0.5XTBE). 
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ABSTRACT 

The  Plasmodium  falciparum  gene  encoding  the  knob 
aseociated  hiatidine-rich  protein  (KAHRP)  is  shown  to 
be  toanscriptionaliy  regulated  during  its  expression  in 
the  intraerythrocytic  cycle  as  demonstrated  by  stage 
specific  nuclear  run-on  analysis.  The  genomic 
organization  of  the  KAHRP  gene  was  determined  and 
the  structural  basis  for  the  stage  specific  transcrlptiOi‘. 
investigated.  A  sequence  motif  with  two-fOld  symmeby 
was  found  160  bp  upstream  of  the  RNA  initiation  site. 
This  sequence  element  interacts  with  parasite  de'  ived 
nuclear  extracts  in  a  stage  specific  manner  that 
correlates  with  the  transcriptional  activity  of  the  KAHRP 
gene.  These  studies  sugg^  a  functional  role  for  this 
structural  element  in  the  developmental  regulation  of 
a  P.  falciparum  erythrocytic  gene. 

INTRODUCTION 

Nearly  half  of  the  world’s  population  lives  in  malaria  endemic 
areas.  Transmitted  to  humans  by  the  bite  of  an  infected  mosquito, 
malaria  parasites  multiply  asexually  first  in  hepatocytes  then  in 
erythrocytes.  The  most  severe  form  of  human  malaria  is  caused 
by  the  protozoan  parasite  Plasmodium  falciparum,  claiming  over 
three  i^lion  lives  annually.  The  high  mortality  associated  with 
P.  falciparum  results  from  the  occlusion  of  capillaries  by  infected 
er^rocytes  which  adhere  to  endothelial  cells  (1,  2,  3,  4).  The 
cytoadherence  of  infected  erythrocytes  is  dependent  upon  the 
interaction  of  parasite  encoded  proteins  that  are  translocated  to 
the  erythrocytic  membrane  with  receptors  expressed  on 
endothelial  cells,  such  as  CD36  and  ICAM-1  (S,  6).  Parasite 
mutants  have  been  described  that  exhibit  reduced  cytoadherence 
(3, 7,  8).  This  phenotype  was  linked  to  the  deletion  of  a  parasite 
encoded  gene,  the  knob  associated  histidine-rich  protein 
(KAHRP)  (9). 

During  the  asexual  intraerythrocytic  cycle  of  parasite 
development,  the  KAHRP  gene  is  expressed  in  a  stage  specific 
manner,  as  indicated  by  the  analysis  of  steady  state  RNA  (9)  and 
protein  accumulation  (10,  11).  The  molecular  mechanisms 


regulating  the  expression  of  this  important  parasite  gene  are 
unknown.  To  dissect  the  structural  motifs  associated  with  the 
develo|»nental  regulation  of  P.  falciparum  genes,  we  have  studied 
the  expression  and  regulation  of  the  KAHRP  gene  during  the 
intraerythrocytic  cycle.  A  comparison  of  transcriptional  activity 
as  determined  by  nuclear  run-on  analysis  and  RNA  accumulation 
revealed  that  the  KAHRP  gene  is  transcriptionally  regulated.  A 
sequence  element  with  two-fold  symmetry  has  been  found  to 
interact  in  a  stage  specific  manner  with  nuclear  extracts.  This 
stage  specific  interaction  correlates  with  the  transcriptional  activity 
of  this  gene,  suggesting  that  this  sequence  element  may  be 
involved  in  the  developmental  expression  of  the  KAHRP  gene. 

MATERIALS  AND  METHODS 

Cultivation  of  Parasites 

The  clonal  P.  falciparum  strains  FrR3-A2  and  FVO“  were 
grown  and  maintained  as  described  (29).  Different  intra¬ 
erythrocytic  stages  were  separated  by  percoll/sorbitol  gradient 
centrifugation  (30).  This  method  aUows  the  separation  of  these 
stages  with  great  accuracy  as  determined  in  blood  smears.  Thus, 
in  the  trophozoite  stage  preparation  no  other  stages  were 
detectable.  The  same  is  true  for  the  ring  and  the  schizont  stage 
preparation. 

Northern  analysis 

After  saponin  lysis  of  infected  erythrocytes  (31),  total  cellular 
RNA  was  isolated  by  the  acidic  guanidinium-phenol  chloroform 
method  (32).  1 .5  /tg  of  total  cellular  RNA  was  fractionated  on 
a  0.8%  agarose-formaldehyde  gel,  transferred  to  nitrocellulose 
and  hybridized  with  the  nick-translated  probe  LP20  to  the 
KAHRP  gene  (9). 

Nuclear  run-on  analysis 

All  steps  were  carried  out  on  ice.  At  a  parasitemia  of  about  5%, 
cultures  were  chilled  on  ice.  The  contents  of  thirty  10  cm  petri 
dishes  were  collected  and  washed  once  in  lx  PBS  buffer. 
Erythrocytes  were  lysed  by  the  addition  of  an  equal  volume  of 


*  To  whom  correspondence  should  be  addressed 
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0. 1  %  saponin  (31),  followed  by  one  wash  in  solution  A  (20  mM 
PIPES  pH  7.5,  15  mM  NaCI,  60  mM  KCl,  14  mM  0- 
mercaptoethanol,  0.5  mM  EGTA,  4  mM  EDTA,  0.15  mM 
spermine,  0.5  mM  spermidine,  0.125  mM  PMSF).  The  parasite 
pellet  was  resuspended  in  3  ml  of  solution  A  and  transferred  to 
a  dounce  homt^enizer.  200  ^1  of  a  10%  NP-40  solution  was 
added  and  six  strokes  with  a  B  pestle  were  applied.  Nuclei  were 
collected  (4,000  rpm  for  10  min,  Sorvall  SM24  rotor)  and  washed 
once  in  solution  A.  5  x  10’  nuclei  were  transcribed  at  31°C  for 
10  min  in  600  u\  of  solution  B  (50  mM  HEPES  pH  7.9,  50  mM 
NaCl,  10  mM  MgCl2,  12  mM  DTT,  10  mM  creatine 
phosphate,  1  mM  GTP,  1  mM  CTP,  4  mM  ATP,  25%  glycerol, 
125  units/ml  rRNasin  (Promega),  0.2  mg/ml  creatine  kinase,  0.5 
/tM  (a-^^P]irrP  3(KK)Ci/mmol.  Radiolatelled  RNA  was  isolated 
(32)  and  purified  oy  TCA  precipitation.  Typically  2x  10’  cpm 
were  incorporated  into  nascent  RNA,  with  a  specific  activity  of 
9x10’  cpm//tg.  The  nascent  RNA  was  hybridized  to  single 
stranded  DNA  fragments  (0.2  pmol)  immobilized  on 
nitrocellulose.  The  prehybridization  and  hybridization  conditions 
were  as  described  (33).  Filters  were  washed  three  times  for  20 
min  in  ■’  x  SSC,  0.1%  SDS  at  room  temperature,  twice  at  55°C 
in  0.1  X  SSC,  0.1%  SDS,  followed  by  one  wash  at  42“C  in 
2x  SSC,  5C  *vg/ml  of  RNase  A  for  one  hour.  Filters  were  dried 
and  exposed  overnight  at  -70°C  with  an  intensify  screen. 

Bacterial  strains  and  libraries 

To  minimize  recombination  and  deletion  events  plasmid  DNA 
was  propagated  in  the  E.  coli  host,  SURE  (Stratagene).  A  lambda 
gtl  1  genomic  library  of  P.  falciparum  (strain  A2)  was  screened 
using  standard  methods  (M).  The  integrity  of  all  clones  and 
sequences  were  confirmed  by  Southern  analysis. 

Primer  extenskn 

0. 1  pmol  (1.5x10*  cpm)  of  end  labelled  oligonucleotide  primer 
(5  -CATAATTAATAAC AAATTA AGTGAA ATAAAAC-3 ' , 
position  1819  to  1850  in  Fig.  3B)  and  0.4;tg  of  poly  A+  ring 
RNA  from  the  parasite  strain  FCR3-A2  were  coprecipitated  and 
hybridized  (34).  After  ethanol  precipitation  the  primer  was 
extended  at  ^S^C  for  90  min  (50  mM  Tris/HCl  pH  8.3,  75  mM 
KCl,  3  mM  MgClz,  10  mM  DTT,  1  mM  dNTP,  40  units  of 
rRNasin  (Promega),  and  300  units  of  M-MLV  H“  reverse 
transcriptase  (superscript,  BRL)).  Products  were  analyzed  by  gel 
electro(^resis.  Primer  extension  products  were  recovered  from 
the  pdyacrylamide  gel  (34),  tailed  with  dGTP  and  amplified  (35). 
Amplified  DNA  fragments  were  cloned  mto  pUCI8  and 
sequenced  by  using  the  universal  forward  primer. 

RNase  protection  assay 

A  Nsil/EcoRI  fragment  corresponding  to  position  1419  to  2215 
in  Fig.  3B  was  cloned  into  pGEM3.  A  single  stranded  RNA 
probe  complementary  to  the  KAHRP  mRNA  was  generated,  gel 
purified  and  hybridi^  to  l^g  of  poly  A+  ring  RNA  from  the 
parasite  strains  FCR3-A2  and  FVO"  respectively.  Hybridization 
and  digestion  conditions  (0.5  units/ml  of  RNase  A,  100  units/ml 
of  RNase  T1  for  30  min  at  37°C)  were  followed  as  recommended 
by  die  manufacturer  of  the  ribonuclease  protection  assay  kit 
(Ambion). 

Preparation  trf'  nuclear  extracts 

Parasites  were  prqiared  by  saponin  lysis  (31).  Nuclear  extracts 
were  prepared  as  describe  (^).  About  5  x  10’  parasites  were 
resu^ended  in  1  ml  of  lysis  buffer  (10  mM  HEPES  pH  7.9, 


10  mM  KCl,  0. 1  mM  EDTA,  0. 1  mM  EGTA,  1  mM  DTT,  0.5 
mM  PMSF,  0.65%  NP-40).  Nuclei  were  collected  by 
centrifugation  and  extracted  with  100  /il  of  extraction  buffer  (20 
mM  HEPES  pH  7.9,  0.4  M  NaCI,  1  mM  EDTA,  1  mM  EGTA, 
1  mM  DTT,  1  mM  PMSF).  After  15  min  of  vigorously  shaking, 
the  extract  is  cleared  by  centrifugation  and  yields  a  protein 
concentration  of  1-2  /tg/fil.  Five  microgram  of  total  nuclear 
protein  was  incubated  with  10  ftnol  of  double  stranded,  end 
labelled  oligonucleotides  for  20  min  at  room  temperature  (20  mM 
HEPES  pH  7.9,  100  mM  NaCI,  1  mM  EDTA,  1  mM  DTT, 
5%  Glycerol,  0.25  mg/ml  BSA,  2  /tg  poly  d(I/C)  or  as  indicated; 
final  volume;  15  /il).  Binding  assays  were  analyzed  by  gel 
electrophoresis  (4%  polyacrylamide,  5  %  glycerol,  0.5xTBE). 

RESULTS 

The  KAHRP  gene  is  transcriptionally  regulated 

Three  asexual  intraerythrocytic  stages  have  been  defined  for  the 
protozoan  parasite  P.  falciparum— Oit  ring,  trophozoite  and 
schizont  stage.  The  accumulation  of  KAHRP  RNA  during  the 
intraerythrocytic  cycle  was  examined  by  Northern  analysis.  The 
intra-erythrocytic  stages  were  separated  by  percoll/sorbitol 
gradient  centrifugation  (30).  Total  cellular  RNA  was  isolated  from 
the  ring,  the  trophozoite,  and  the  schizont  stages  of  the  clonal 
isolate  FCR3-A2,  respectively.  Unlike  previously  published  (9), 
the  4.2  kb  KAHRP  transcript  accumulates  during  the  ring  stage 
and  only  small  amounts  are  detectable  in  trophozoites  (Fig.  1). 

Temporal  changes  in  the  KAHRP  promoter  activity  occurring 
during  the  intraerythrocytic  cycle  were  snidied  by  nuclear  run- 
on  analysis  (Fig.  2).  For  comparison  the  P195  gene  encoding 
the  major  merozoite  surface  antigen  (12),  the  CS  gene  encoding 
the  circumsporozoite  antigen  expressed  during  the  insect  stage 
(13),  and  die  ribosomal  RNA  genes  (14)  were  analyzed  in 
parallel.  Nuclei  were  isolated  from  synchronized  cultures  of 
FCR3-A2  at  18  hrs  (ring  stage),  30  hrs  (trophozoite  stage),  and 
41  hrs  (schizont  stage)  after  infection.  Preformed  transcriptional 
complexes  were  allowed  to  elongate  in  the  presence  of  labelled 
UTP.  The  labelled  nascent  RNA  was  used  as  a  probe  for  DNA 
fragments  specific  for  the  KAHRP,  the  P195,  the  CS,  and  the 
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Fig.  1.  Stage  specific  RNA  accumulation  for  the  KAHRP  gene.  Stage  specific 
RNA  was  isolated  from  ring  (R).  trophozoite  (T),  and  schizont  (S)  parasites,  size- 
fractionated  on  a  0.8%  agarose  gel  and  transferred  to  nitrocellulose.  The 
nitrocellulose  filter  was  hybridized  with  the  cDNA  clone  LP20  (9)  to  the  KAHRP 
gene.  Equal  amounts  of  stage  specific  RNA  was  loaded  as  determined  by 
hybridization  with  probes  derived  from  the  actin  I  (17)  and  3.8  (25)  genes  (data 
not  shown).  A  RNA  size  standard  is  indicated.  Unlike  previously  published  (9), 
the  KAHRP  transcripts  accumulates  in  ring  stage  parasites.  The  separation  of 
parasite  stages  by  percoll/sorbitol  gradient  centrifugation  enabled  us  to  determine 
the  stage  specific  transcription  of  this  gene  with  greater  accuracy  (30). 
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rRNA  genes  reflectively.  The  KAHRP  gene  is  transcriptionally 
active  only  during  the  ring  stage  (Fig.  2).  The  correlation  between 
its  promoter  activity  and  RNA  accumulation  indicates  that  the 
KAHRP  gene  is  transcriptionally  regulated.  In  contrast  to  the 
erythrocytic  stage  specific  regulation  of  the  KAHRP  gene,  the 
P19S  gene  and  the  rRNA  genes  are  constitutively  transcribed 
during  these  stages  (Fig.  2).  No  transcription  was  observed  for 
the  CS  gene  during  the  erythrocytic  cycle,  consistent  with  its 
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Fig.  2.  Stage  specific  transcriptional  activity  of  the  KAHRP  gene.  The 
transcriptional  activity  of  the  KAHRP  gene  during  the  intraerythrocytic  cycle  was 
examined  by  stage  specific  nuclear  run-on  analysis.  Nuclei  were  isolated  from 
ring  (R),  trophozoite  (T)  and  schizont  (S)  parasite  stages,  respectively.  Nascent, 
labelled  RNA  was  used  as  a  probe  to  DNA  fragments  containing  the  ribosomal 
RN.A  genes,  coding  sequences  of  the  KAHRP  (9),  the  PI9S  (12)  and  the  CS 
(13)  getKS.  respectively,  a-amanitin;  Prior  to  transcription  nuclei  prepared  from 
ring  stage  parasites  were  incubated  with  100  fig/ml  of  a-amanitin  for  IS  min  on  ice. 


specificity  for  the  insect  stage.  Transcription  of  the  KAHRP  gene 
and  the  P19S  gene  is  sensitive  to  cr-amanitin  (Fig.  2),  indicating 
that  these  genes  are  transcribed  by  an  a-amanitin-sensitive  RNA 
polymerase. 

Structural  organization  of  the  KAHRP  locus 

Genomic  sequences  were  obtained  for  the  KAHRP  gene  in  order 
to  analyze  the  structural  basis  for  the  stage  specific  regulation 
observed  for  this  gene.  Several  overlapping  genomic  clones 
spanning  the  entire  locus  were  obtained  and  sequenced  (Fig.  3). 
The  RNA  initiation  site  of  the  KAHRP  gene  was  determined  by 
primer  extension  and  RNase  protection  assays  (Fig.  4).  The 
primer  extended  product  was  recovered  from  the  gel  and 
amplified  by  anchored  PCR.  Both  primer  extension  and  RNase 
protection  experiments  map  the  stan  point  of  transcription  to  a 
single  site,  M9  bp  upstream  of  the  KAHRP  initiation  codon 
(Fig.  4).  The  sequence  5'  of  the  RNA  initiation  site  was  examined 
for  homologies  to  the  binding  sites  of  known  eukaryotic 
transcription  factors.  None  were  found.  However,  a  novel 
sequence  element  with  two-fold  symmetry  was  observed  160  bp 
upstream  of  the  RNA  start  site  (position  \561  to  1573  in  Fig.  3B). 

Nuclear  proteins  interact  stage-specifkally  with  a  sequence 
motif 

To  determine  whether  this  motif  is  a  binding  site  for  nuclear 
proteins,  gel  retardation  assays  were  performed.  Oligonucleotides 
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Fig.  3.  Genomic  organization  and  sequence  KAHRP  upstream  sequence.  A.  Genomic  organization  and  clones.  The  KAHRP  reading  frame  is  indicated  by  rectangles. 
The  RNA  initiation  site  is  indicated  by  an  arrow  head.  The  genomic  clone  9034  contains  an  internal  deletion  as  indicated  by  a  triangle.  B.  Sequence  of  the  KAHRP 
upstream  region.  The  RNA  initiation  site  is  indicated  by  an  arrow  head.  A  sequence  motif  with  two-fold  symmetry  is  indicated  by  arrows.  The  box  indicates  the 
sequence  element  that  is  used  in  gel  retardation  assays  (Fig.  S).  Position  2215  (EcoRl  site)  corresponds  to  position  248  of  the  published  KAHRP  coding  sequence 
(37,  accession  mimber  J02972). 
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Fig.  4.  Mapping  the  RNA  initiation  site  of  the  KAHRP  gene.  RNase  protection  analysis:  A  single  stranded,  radiolabelled  RNA  probe  (position  1419  to  22IS  in 
Fig.  3B)  complememary  to  the  KAHRP  RNA  was  generated  and  hybridized  to  1  ^g  cf  poly  A+  ring  stage  RNA  rived  from  the  parasite  clone  FCR3-A2.  After 
RNase  digestion  products  were  analyzed  by  gel  electrophoresis.  Controls  using  poly  A+  RNA  prepared  from  ti .  nutant  KAHRP'  parasite  clone  FVO~  and  from 
yeast  were  analyzed  in  parallel.  A  size  stanch  is  indicated.  Primer  extension:  A  ^  labelled  primer  (corresponding  to  position  1819  to  ISSOinFig.  3B)  was  hybridized 
to  1  Mg  of  poly  A  4-  ring  stage  RNA.  Extension  products  were  analyzed  by  ^1  electrophoresis  and  compare  t  sequencing  reaction  of  genomic  DNA  using  the 
same  primer.  Additional  primer  extended  products  evident  on  the  autoradiogram  were  found  to  be  caused  by  par  .ng  of  reverse  transcriptase  due  to  the  A/T  richness 
of  die  sequence.  The  primer  extended  piniuct  was  recovered  from  the  gel.  ampUfied  by  anchored  PCR  technology  (35),  cloned  and  sequenced. 


containing  the  KAHRP  sequence  element  were  incubated  with 
nuclear  extracts  prepared  from  asynchronously  growing 
erythrocytic  cultures  of  the  parasite  isolate  FCR3-A2.  Complex 
formaticHi  was  analyzed  by  gel  electrophoresis.  Three  complexes 
were  observed  (Fig.  SA).  These  complexes  were  found  to  be 
stable  in  the  presence  of  high  concentrations  of  non-specific 
competitor  DNA.  Further,  neither  pUC18  DNA  (Ipg)  nor  a  DNA 
fragment  containing  the  GBP130  upstream  sequence  could 
conqiete  the  formation  of  diese  complexes  (Fig.  SA).  By  contrast, 
ctmqdex  formation  is  not  observed  in  the  presence  of  unlabelled 
KAHRP  oligonucleotides  (100  ng)  or  of  a  DNA  fragment 
containing  the  KAHRP  iqjstream  region  (1  pg).  Extracts  prqxired 
from  uninfected  red  blood  cells  do  not  interact  with  the  KAHRP 
sequence  element.  To  determine  the  stage  specificity  of  these 
complexes,  the  KAHRP  oligonucleotide  was  incutated  with 
extracts  prepared  from  ring  and  schizont  stage  parasites, 
respectively  (Fig.  SB).  Three  complexes,  two  major  and  one 
minor,  were  ob^rved  with  nuclear  extracts  prepaid  from  the 
ring  stage.  In  contrast,  the  KAHRP  sequence  element  formed 
one  complex  with  nuclear  extracts  from  the  schizont  stage 
(Fig.  SB).  These  data  indicate  that  the  KAHRP  sequence  element 
interacts  with  nuclear  proteins  in  a  stage  specific  manner. 

DISCUSSION 

The  protozoan  parasite  P.  falciparum  has  a  complex  life  cycle 
alternating  between  a  vertebrate  and  an  invertebrate  host.  During 
the  life  cycle  gene  expression  is  regulated  as  indicated  by  distinct 
pidterns  of  RNA  (9,  IS,  16,  17)  and  protein  accumulation  (10, 
11,  18, 19, 20, 21).  The  mechanisms  of  gene  regulation  are  not 


AACTGCATGTAGTGTAGTAA 

TTGACGTACATCACATCATT 

F^.  S.  Stage  specific  interaction  of  the  KAHRP  sequence  element  with  nuclear 
extracts.  A.  10  ftnol  of  double  stranded,  end  labelled  oligonucleotides  containing 
the  KAHRP  sequence  element  were  incubated  with  5  ftg  of  total  nuclear  protein 
derived  from  asynchronously  growing  parasite  culnires.  The  sequence  of  the 
oligonucleotide  is  shown  at  the  bottom.  The  amount  of  poly  d(I/C)  added  to  the 
binding  assays  is  indicated.  One  ng  of  poly  d(I/C)  equals  about  1 .5  nmol  of  non¬ 
specific  binding  sites.  For  cross  competition  experiments  1(X)  ng  (7.5  pmol)  of 
unlabelled  KAHRP  oligonucleotides  or  I  ng  (1-6  nmol  of  non-specific  binding 
site)  of  pUCIS  DNA  or  of  DNA  fragments  containing  the  upstream  regions  of 
the  KAHRP,  and  GBPI30  (25)  genes,  respectively,  were  tested  for  their  ability 
to  compete.  A  control  experiment  was  performed  using  extracts  from  uninfected 
erythnxytes  (lane  marked  RBC  extract).  B.  Nuclear  extracts  were  prepared  from 
ring  (R),  and  schizont  (S)  stage  parasites,  respectively.  The  extracts  were  incubated 
with  labelled  KAHRP  sequence  element  in  the  presence  of  2  ng  of  poly  d(I/C). 
Wliere  indicated  100  ng  of  unlabelled  KAHRP  oligonucleotides  were  added  to 
the  binding  assay.  Complexes  formed  are  indicated  by  arrows. 
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well  understood  for  this  parasite,  mainly,  because  functional 
assays  for  the  study  of  promoter  activity,  i.e.,  transfection  or 
a  reconstituted  in  vitro  transcription  system,  are  not  yet  available. 
In  additirm,  structural  data  are  difficult  to  otXain,  since  non-coding 
plasmodial  DNA  are  unstable  in  E.  coli  (22),  which  presumably 
results  from  the  unusually  high  AIT  content  of  >  90%  (23,  24). 
Consequently,  structural  elements  involved  in  the  developmental 
expression  of  P.  falciparum  genes  have  not  been  defined. 
Knowledge  of  these  elements,  however,  is  a  prerequisite  for  the 
development  of  a  transfection  system  for  P.  falciparum  and  will 
help  in  our  understanding  of  the  mechanisms  of  gene  regulation 
in  this  parasite.  In  this  study,  we  have  identified  a  structural 
element  in  the  upstream  region  of  the  KAHRP  gene  that,  in 
correlation  with  the  transcriptional  activity  of  this  gene  during 
the  intraerythrocytic  cycle,  binds  to  parasite  derived  nuclear 
factors  in  a  stage  specific  manner. 

A  single  RNA  initiation  site  has  been  found  for  the  KAHRP 
gene  as  determined  by  both  primer  extension  and  RNase 
protection  experiments.  A  unique  transcription  start  site  has  also 
been  noted  for  the  erythrocytic  stage  gene  GBP  130  of  P. 
falciparum  (25).  In  contrast,  multiple  RNA  initiation  sites  have 
been  reported  for  the  insect  stage  circumsporozoite  gene  of  the 
simian  parasite  P.  knowlesi  (26),  the  erythrocytic  stage  major 
merozoite  surface  antigen  gene  P195  from  P.  falciparum  (27), 
and  the  Py230  gene  from  the  rodent  parasite  P.  yoelii  (28).  The 
frequent  pausing  of  reverse  transcriptase  in  A/T  rich  regions  can 
easily  be  misinterpreted  as  multiple  initiation  sites.  Hence,  it  has 
yet  to  be  determined  whether  plasmodial  genes  can  have  either 
single  or  multiple  RNA  initiation  sites.  A  comparison  of  genomic 
and  cDNA  sequences  indicates  that  the  KAHRP  gene  is 
continuously  transcribed.  However,  post-transcriptional 
processing  of  the  KAHRP  transcript  occurs  through  cis-splicing 
and  polyadenylation. 

A  comparison  of  transcriptional  activity  as  determined  by 
nuclear  run-on  analysis  and  RNA  accumulation  indicates  that  the 
KAHRP  gene  is  transcriptionally  regulated  during  the  erythrocytic 
cycle  and  transcribed  only  during  the  ring  stage.  Like  the  KAHRP 
gene,  the  GBP130  (2S)  and  the  HRP  II  (data  not  shown)  genes 
are  also  transcriptionally  regulated,  while  the  P19S  gene  is 
constitutively  transcribed  in  the  erythrocytic  stages  (Fig.  2). 

Transcription  of  the  KAHRP  gene  is  sensitive  to  the  RNA 
polymerase  inhibiter  cr-amanitin.  Eukaryotic  genes  transcribed 
by  an  a-amanitin  sensitive  RNA  polymerase  frequently  contain 
regulatory  signals  immediately  upstream  of  the  RNA  initiation 
site.  A  comparison  of  the  upstream  regions  of  several  plasmodial 
genes  itKluding  the  GBP130  and  the  CS  genes  has  revealed  a 
common  sequence  element  that  is  homologous  to  the  core  region 
of  the  SV40  enhancer  (25,  26).  This  SV40  enhancer-like  element 
is  not  present  in  the  KAHRP  upstream  region,  nor  were  there 
any  homologies  found  to  other  loiown  binding  sites  of  eukaryotic 
transcription  factors.  However,  a  palindromic  sequence  element 
was  identified  160  bp  upstream  of  the  RNA  initiation  site  of  the 
KAHRP  gene.  This  element  was  recognized  in  a  specific  fashion 
by  parasite  derived  nuclear  extracts.  Different  complexes  were 
formed  with  this  element  depending  on  the  developmental  stage 
of  the  parasite.  Three  distinct  complexes  of  different  mobility 
were  observed  in  the  ring  stage  during  which  the  KAHRP 
promoter  is  transcriptionally  active.  During  the  schizont  stage, 
when  the  KAHRP  promoter  is  silent,  a  single  complex  is  formed. 
It  is  tempting  to  conclude  that  the  KAHRP  palindromic  motif 
is  a  promoter  component  which  mediates  the  developmental 
expression  of  the  KAHRP  gene  by  interacting  with  transcriptional 
factors  in  a  stage  specific  manner.  It  remains  to  be  determined 


whether  the  protein-DNA  complexes  observed  define  multiple 
protein  binding  sites  on  the  KAHRP  sequence  element  or  whether 
a  single  DNA  binding  protein  is  post-transcriptionally  modified 
or  binds  additional  co-factors.  It  is  also  possible  that  this  sequence 
element  is  recognized  both  by  positive  regulatory  factors  during 
the  ring  stage  and  by  negative  regulatory  factors  during  the 
schizont  stage.  Until  a  functional  promoter  assay  is  developed 
these  conclusions  remain  speculative. 
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Molecular  genetic  studies  of  the  human  malaria  para¬ 
site  Ptaamodium  falciparum  have  been  hampered  in 
part  due  to  difficulties  in  stably  cloning  and  propagat¬ 
ing  parasite  genomic  DNA  in  bacteria.  This  is  thought 
to  be  a  result  of  the  unusual  A  +  T  bias  (>80%)  in  the 
parasite’s  DN  A .  Pulsed-fleld  gel  electrophoretic  separa¬ 
tion  of  P.  falciparum  chromosomes  has  shown  that 
large  chromosomal  polymorphisms,  resulting  from  the 
deletion  of  DNA  from  chromosome  ends,  frequently  oc¬ 
cur.  Understanding  the  biological  implications  of  this 
chromosomal  polymorphism  will  require  the  analysis 
of  large  regions  of  genomic,  and  in  particular  telo¬ 
meric,  DNA.  To  overcome  the  limitationsof  cloningpar- 
aaite  DNA  in  bacteria,  we  have  cloned  genomic  DNA 
from  the  P.  falciparum  strain  FCR3  in  yeast  as  artifi¬ 
cial  chromosomes.  A  pYAC4  library  with  an  average 
insert  size  of  approximately  100  kb  was  established 
and  found  to  have  a  three  to  fourfold  redundancy  for 
single-copy  genes.  Unlike  bacterial  hosts,  yeast  stably 
maintain  and  propagate  large  tracts  of  parasite  DNA. 
Long-range  restriction  enzyme  mapping  of  YAC  clones 
demonstrates  that  the  cloned  DNA  is  contiguous  and 
identical  to  the  native  parasite  genomic  DNA.  Since  the 
telomeric  ends  of  chromosomes  are  underrepresented 
in  YAC  libraries,  we  have  enriched  for  these  sequences 
by  cloning  P.  falciparum  telomeric  DNA  fragments 
(from  40  to  130  kb)  as  YACs  by  complementation  in 
yeast,  e  isea  Aodemie  Ptmi,  Inc. 

■1 

INTRODUCTION 

i 

The  human  malaria  parasite  Plasmodium  falciparum 
infects  more  than  200  million  people  and  claims  over  2 
million  lives,  annually.  P.  falciparum  is  an  obligate  in¬ 
tracellular  protozoan  parasite  that  requires  two  hosts,  a 
human  and  a  mosquito,  for  the  completion  of  its  life 
cycle.  In  the  human  host  the  parasite  is  haploid  and 
multiplies  asexually  within  hepatocytes  and  erythro¬ 
cytes  through  mitotic  divisions.  The  erythrocytic  stages 


can  be  cultured  in  vitro  (Trager  and  Jensen,  1976),  pro¬ 
viding  a  source  of  parasites  for  study.  The  sexual  phase 
of  the  life  cycle  begins  when  the  mosqviito  host  ingests 
parasite-laden  blood  from  an  infected  human.  During 
this  phase  recombination  and  independent  assortment 
of  chromosomes  occurs  (Walliker  et  al.,  1987).  The  com¬ 
plexity  of  the  parasite’s  life  cycle  and  the  difficulties  in 
creating  and  manipulating  mutants  have  severely  re¬ 
stricted  the  use  of  classical  genetic  tools  for  study  of  this 
orgeuiism. 

Pulsed-field  gel  electrophoresis  studies  have  revealed 
that  the  parasite’s  haploid  genome  of  3  X  10^  bp  contains 
14  chromosomes  that  range  in  size  from  600  kb  to  3.5  Mb 
(Van  Der  Ploeg  et  al.,  1985;  Wellems  et  al.,  1987).  Strik¬ 
ing  polymorphisms  have  been  observed  between  homolo¬ 
gous  chromosomes  of  different  geographical  isolates. 
The  variations  in  chromosome  size  range  from  50  to  300 
kb,  which  in  some  cases  corresponds  to  15%  of  the  total 
length  of  a  chromosome  (Ravetch,  1989).  These  chromo¬ 
somal  polymorphisms  appear  to  be  the  result  of  large 
deletions  of  DNA  from  chromosome  ends.  A  pathway 
described  in  P.  falciparum  that  leads  to  chromosomal 
polymorphisms  involves  a  process  of  chromosome  break¬ 
age  followed  by  the  healing  of  the  breakpoint  through 
the  de  novo  addition  of  telomere  repeats  (Pologe  and 
Ravetch,  1986,  1988;  Pologe  et  al.,  1990).  This  chromo¬ 
some  instability  and  polymorphism  reflects  the  plastic¬ 
ity  of  the  parasite’s  genome. 

The  genomic  plasticity  of  P.  falciparum  is  also  indi¬ 
cated  by  the  extensive  strain-dependent  variations  seen 
in  antigenic  determinants  and  protein  isoforms  (see 
Kemp  et  al.,  1990  for  review).  Further  antigenic  differ¬ 
ences  arise  from  chromosomal  polymorphisms  that  de¬ 
lete  specific  antigen  genes  (Pologe  and  Ravetch,  1986, 
1988;  Pologe  et  oL,  1990).  We  have  been  interested  in 
determining  what  additional  roles  chromosomal  poly¬ 
morphisms  play  in  the  parasite’s  biology  and  in  studying 
the  overall  organization  and  structure  of  P.  falciparum 
chromosomes.  Questions  concerning  the  parasite’s  ge¬ 
nome  require  the  analysis  of  large  fragments  of  genomic 
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DNA  in  general  and  of  telomeric  fragments  in  par¬ 
ticular. 

Molecular  biological  studies  on  P.  fakipcarum  have 
been  hampered  by  difficulties  in  stably  maintaining 
large  genomic  clones  of  parasite  DNA  in  bacterial  hosts 
(Kochan  et  aL,  1986;  Weber,  1988).  The  problem  of  clone 
stability  is  thou^t  to  be  a  result  of  the  parasite’s  unusu¬ 
ally  A  T-rich  DNA.  The  A  T  content  averages  82% 
and  can  approach  90  to  95%  in  intergenic  regions  (Pol¬ 
lack  et  aL,  1982;  Weber,  1988).  As  a  means  of  obtaining 
complete  P.  faicipamm  genomic  clones,  we  report  here 
the  construction  and  characterization  of  a  stable,  repre¬ 
sentative  yeast  artificial  chromosome  (YAC)  library  and 
the  YAC  cloning  of  Plaamodium  telomeric  DNA  frag¬ 
ments  by  complementation  in  yeast.  The  parasite  offers 
a  imique  eukaryotic  S3r8tem  in  which  to  study  chromo¬ 
somal  stability  and  structure,  and  these  YAC  clones  pro¬ 
vide  necessary  reagents  for  the  analysis  of  the  P.  falci¬ 
parum  genome. 

MATERIALS  AND  METHODS 

Prepamtion  of  parasite  DSA.  Fifty  10-cm  plates  of  the  P.  faki¬ 
parum  strain  FCR3  (ATCC  30932)  were  grown  to  a  parasitemia  of 
10%  (c^prozimately  2.6  X  10“*  parasites)  as  described  by  Trager  and 
Jensen  (1976).  DMA  was  prepared  after  saponin  lysis  of  the  infected 
erythrocytes  by  digestions  with  RNase  A  and  Proteinase  K,  followed 
by  extraction  with  buffered  phenohchloroform  (1:1)  in  60-ml  plastic 
di^Msable  centrifuge  tubes  (Goman  et  el,  1982).  To  minimize  shear¬ 
ing,  the  DNA  was  slowly  mixed  by  inversion.  After  centrifugation 
(1000  ipm  for  10  min)  to  sqiarate  the  phases,  the  organic  phase  was 
removed  by  draining  it  through  a  needle  hole  in  the  bottom  of  the  tube. 
The  aqueous  phase  was  transferred  to  a  ftesh  tube  and  extracted  again 
with  phenokchloroform  followed  by  two  extractions  with  chloro- 
formdaoamyl  alcohol  (24:1).  The  DNA  was  then  dialyzed  extensively 
against  TE  (10  tnM  Tris  (pH  8.0),  1  vaM  EDTA  (pH  8.0)). 

Digestion  of  DNA.  Parasite  DNA  for  the  pYAG4  library  was  par¬ 
tially  digested  with  £coRI  at  five  different  concentrations  of  enzyme 
(0.15, 0.10, 0.05, 0.025,  and  0.01  U/m  DNA)  as  described  in  Sambrook 
et  aL  (1989).  For  the  Plasmodium  telomere  cloning,  parasite  DNA  was 
digested  to  conqtletion  with  Nhel.  YAC  vectors  pYAC4  (Burke  et  oL, 
1987;  Burke  and  Olson,  1991)  and  pJS97  (Shero  et  aL,  1991)  were 
digested  with  either  EcoRI  and  BomHI  or  Nhel  and  Cfol,  respectively. 
Following  digestion,  the  vectors  were  treated  with  calf  intestinal  phos¬ 
phatase  according  to  the  manufacturer’s  (Boehringer-Mannheim  Bio¬ 
chemicals)  q>eciflcation. 

Ligation  of  DNA.  For  the  pYAC4  library,  l-(ig  aliquots  from  each 
partial  digest  were  pooled,  a  50X  (14-fig)  molar  excess  of  prepared 
pYAC4  was  added,  and  the  reaction  conditions  were  adjusted  to  60 
mM  Tris  (pH  7.5),  10  mM  MgCl*,  25  mM  NaCl,  10  mM  DTT,  2  jnM 
q>ermidine,  1  mM  ATP,  50  ng/^1  BSA  in  a  volume  of  200  ^1.  After  the 
addition  of  2400  U  of  T4  DNA  ligase  (New  England  Biolabs),  the 
ligation  reaction  was  incubated  at  12'’C  for  24  h.  Ligations  for  the 
Plasmodium  telomere  YACs  were  performed  in  a  similar  manner  us¬ 
ing  5  Mg  of  Nhel-digested  parasite  DNA  and  10  pg  of  prepared  pJS97. 

Yeast  growth  and  transformation.  The  yeast  strains  used  are 
AB1380  (ATCC  20843,  Burke  et  aL,  1987)  for  the  pYAC4  library  and 
YPH274  (Sikorski  and  Heiter,  1989)  for  the  Plasmodium  telomere 
YACs.  Methods  for  the  manipulation,  growth,  and  storage  of  yeast 
strains  are  described  by  Sherman  et  aL  (1986).  Spheroplast  transfor¬ 
mation  of  yeast  was  performed  by  the  method  of  Burgess  and  Percival 
(1987)  using  the  mo^cations  described  by  McCormick  et  aL  (1990), 
with  the  exception  that  polyamines  were  excluded.  Ten  microliters  of 
the  ligation  mixture  was  used  in  the  yeast  transformations.  Transfor¬ 
mants  were  selected  on  media  that  lacked  either  uracU  and  tryptophan 
(pYAC4  library)  or  uracil  alone  {Plasmodium  telomere  YA(^s). 


P.  fakiparum  pYAC4  library  organizcUion.  The  pYAC4  library  was 
organized  and  prqmred  for  screening  as  adapted  from  Heard  et  cU. 
(1989)  and  Green  and  Olson  (1990).  Individual  clones  were  trans¬ 
ferred  to  microtiter  plates  containing  uracil-deficient  media  and 
grown  for  2  days.  Prior  to  long-term  storage  at  -70‘’C,  replica  plates 
were  made.  From  one  set  of  replica  plates,  all  the  clones  on  a  single 
plate  were  pooled  and  grown  for  an  additional  day.  Yeast  genomic 
DNA  was  then  prepared  (the  primary  DNA  pool)  as  described  by 
Sherman  et  aL  (1986).  From  the  other  replica  plates,  secondary  pools 
of  DNA  that  represented  pools  of  clones  in  each  row  and  column  of  a 
single  primary  plate  were  prepared. 

PCR  screening  of  pYAC4  library.  PCR  analysis  was  used  to  iden¬ 
tify  specific  clones  in  the  library  by  first  identifying  the  positive  pri¬ 
mary  DNA  pools  and  then  finding  the  corresponding  positive  row  and 
column  of  the  microtiter  plate  by  screening  the  secondary  DNA  pools. 
After  preliminary  identification  by  PCR  analysis,  clones  were  then 
confirmed  by  Southern  aiudysis  of  PFG-separated  YACs  using  gene- 
specific  probes.  PCR  analysis  was  performed  using  a  Perkin-Elmer 
C^etus  DNA  thermal  cycler.  One  microliter  of  the  DNA  pool  was  used 
for  each  25-^1  PCR  reaction  (PCR  conditions:  50  ng  of  each  PCR 
primer,  200  iiM  of  each  dNTP,  0.5  U  of  Tag  DNA  polymerase  (Ampli- 
Taq,  Perkin-Elmer  Otus),  60  mM  KCl,  1.5  mM  MgCl^,  and  10  mM 
'Tris  (pH  8.3)).  Thirty-five  cycles  of  PCR  were  run  for  1  min  at  94°C,  2 
min  at  the  annealing  temperature  (S^C  less  than  the  calculated  melt¬ 
ing  temperature  of  the  lowest  melting  primer),  and  3  min  at  72‘’C. 
Primer  sets  used  for  the  identification  of  specific  YAC  clones  in  the 
library  were  as  follows:  KAHRP  ('Triglia  et  aL,  1987) — 389,  TAC  CAT 
CGA  CAA  CAT  'ITT  CCT;  and  407,  TAA  TCC  TCC  TAG  TAA  TGA 
ACC.  PFMDRl  (Foote  et  aL,  1989)— 4032,  ACA  TTA  TAT  TAA  AAA 
A'TG  AT;  and  4792,  TAT  AAA  TAC  ATA  TAT  ATA  TAT  ATA.  CSP 
(Dame  et  oL,  1984)— 1480— CAA  TTC  ATG  ATG  AGA  AAA  TTA 
GCT;  and  1481,  CAT  CTT  TAC  CTT  CAC  GAC  C.  CARP  (Wahlgren 
et  aL,  1986)-1627,  GGT  CTG  TCC  A’TT  CAC  TAG  GTA  TGT  GGA; 
and  1852,  ACA  ATA  GCG  AGA  ATT  TCC  AAG  G.  SERA  (Bzik  et  aL. 

1988) -1626,  TGA  ACT  TGA  ACT  AGA  ACT  TGA  ACT  TGA  ACT; 
and  1861,  CAG  GAG  GAG  GTC  AAG  CAG  GTA  ATA  C.  P-196 
(MSAl  or  PMMSA;  Mackay  et  aL.  1986)— 966,  GAT  CAC  TTG  TAA 
A’TG  TTA  ATT  G;  and  974,  G’TT  AAT  GAA  ATA  TAT  ATA  ATT 
ACA  CAA  CTT  AAT  AAA  ATG.  MSA2  (Smythe  et  aL,  1988)— 1866, 
(K:A  ACA  CAT  TCA  TAA  ACA  ATG  C;  and  1867,  CAT  TTG  ATT 
TAG  TTT  GAG  AGT  C.  GBP-130  (Kochan  et  oL,  1986)— 705,  GTA 
AGC  AGA  AAA  (3GA  ATG  GTG;  and  976,  GTT  GAA  ATT  TAT 
ATA  AAC  CTTA  CAA  TTA  GCTT  ATT  TC.  EBA-176  (Sim  et  aL,  1990) 
— 5A.  GTT  AAT  ATG  AAT  GTT  GAG  AA;  and  6B,  ACT  A'TG  ATT 
AAT  TTG  ACT  TC. 

Stability  of  pYAC4  clones.  Five  milliliters  of  uracil-  and  adenine- 
stqiplemented  AHC  media  were  inoculated  with  a  YAC  clone  taken 
from  the  frozen  master  plate.  AHC  is  a  rich  uracil  and  tryptophan 
dropout  medium  containing  casein  hydrolysate  (Brownstein  et  aL, 

1989) ,  and  yeast  cultured  in  ACH  reach  much  higher  cell  densities 
than  those  in  minimal  media.  The  yeast  were  then  grown  at  30‘’C  to  an 
ODggo  >  4  (1  ODaoo  =  3  X  10''  cells/ml).  Prior  to  harvesting  the  YACs 
for  PFG  analysis  at  this  “initial”  time  point,  2.5  id  of  the  cell  su^n- 
sion  was  used  to  inoculate  25  ml  of  fresh  media.  The  cells  were  then 
grown  for  48  h  until  the  ODmo  was  >7  (below  saturation),  which  is 
equivalent  to  12-14  generations.  Again  a  2.5-fd  aliquot  was  removed 
and  used  to  inoculate  26  ml  of  fresh  media.  This  was  repeated  at  48-h 
intervals  and  the  yeast  were  harvested  for  PFG  analysis  at  time  points 
equivalent  to  26,  50,  and  75  generations. 

FOA  treatment  of  YAC  clones.  Primary  transformants  from  the 
Plasmodium  telomere  cloning  experiments  were  picked  into  micro¬ 
titer  wells  containing  200  (il  of  uracil-deficient  medium.  After  36  h 
growth,  7.5-fil  aliquots  were  replica  plated  onto  5-fluoro-orotic  acid 
(FOA,  PCR  Incorporated  (Sikorski  and  Boeke,  1991))  and  uracil-defi¬ 
cient  plates.  The  degree  of  pspillation  was  scored  after  4  days  growth 
at  30°C.  Colonies  that  did  not  grow  or  papillated  at  low  frequency 
relative  to  a  yeast  strain  containing  the  pJS97  plasmid  were  chosen 
for  further  analysis.  Dr.  Arthur  Lustig  (Sloan-Kettering  Institute, 
New  York,  NY)  suggested  using  FOA  as  an  enrichment  method  and 
generously  sut^lied  the  compound.  A  filter  replica  was  made  of  these 
colonies  onto  SUREBLOT  nylon  membranes  (Oncor)  as  described  by 
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Burke  and  Olson  (1991)  with  the  exceptions  that  lyticase,  0.1  M  so¬ 
dium  citrate,  50  mid  EDTA,  and  15  mid  DTT  were  replaced  with  2.5 
Sg/ml  Zymolyase  20T  (ICN  Immunobiochemicals),  1  id  sorbitol,  10 
mid  sodium  phosphate  (pH  7.5),  10  mM  EDTA,  and  30  mM  2-mer- 
captoethanol. 

Mappmg  YAC  clones  and  puised-field  gel  electrophoresis.  Parasite 
DNA  was  prepared  for  PPG  analysis  by  embedding  the  infected  eryth¬ 
rocytes  in  an  equal  volume  of  1.25%  Incert  Agarose  (PMC)  in  TE  (10 
mid  Tris  (pH  8.0)  and  1  mM  EDTA)  and  then  aliquoting  100  ^1/block. 
The  embedded  parasites  were  then  lysed  by  adding  the  blocks  to  ESP 
(0.5  M  EDTA  (pH  8.5),  1%  N-lauryl  sarcosine,  and  2  mg/ml  Protein¬ 
ase  K)  and  incubating  at  55°C  for  36  h.  YACs  were  grown  under  selec¬ 
tive  conditions  for  2  days,  harvested  by  centrifugation  (3000  rpm  for  5 
min),  and  washed  once  with  distilled  water  followed  by  1  Jif  sorbitol. 
The  yeast  were  resu^Mnded  in  an  equal  volume  of  SPEM  {\M  sorbi¬ 
tol,  10  mM  sodium  phosphate  (pH  7.5),  10  mM  EIDTA,  and  30  mM 
2-mercaptoethanol)  and  Zymolyase  20T  added  to  a  final  concentra¬ 
tion  of  5  ^100  111  of  cell  suspension.  The  cells  were  incubated  for  1-2 
h  at  37°C,  embedded  in  an  equal  volume  of  1.25%  Incert  agarose,  and 
lysed  in  ESP  as  described  above. 

Prior  to  restriction  enzyme  digestion  of  embedded  DNA,  the  aga¬ 
rose  blocks  were  dialysed  extensively  against  ET  (50  mM  EDTA,  10 
mM  Tris  (pH  8.0))  with  1  mM  PMSP  (phenylmethylsulfonyl  fluo¬ 
ride),  followed  by  ET  alone  and  TE.  Individual  blocks  were  trans¬ 
ferred  to  2-ml  microcentrifiige  tubes  and  equilibrated  for  1  h  in  IX 
restriction  enzyme  buffer.  Pour  hundred  microlitera  of  fresh  restric¬ 
tion  enzyme  buffer  with  60  U  of  enzyme  was  added  to  the  tube,  and  the 
digestion  was  carried  out  overnight. 

Pulsed-field  gel  electrc^horesis  analysis  was  performed  using  a  Bio- 
Rad  CHEP  DR-II  with  0.5X  TBE  as  the  running  buffer,  1%  LE  aga¬ 
rose  (PMC)  gels,  and  a  constant  temperature  of  14‘’C.  Pulse  times  and 
voltages  varied  for  individual  runs  and  are  indicated  in  the  figure  leg¬ 
ends.  Prior  to  transfer  to  supported  nitrocellulose  (Schleicher  and 
Schuell),  gels  were  exposed  to  UV  light  (600  iiJ  of  energy  from  a  Stra- 
talinker  (Stratagene)). 

Hybridization  probes.  The  pBR322  probes  for  the  YAC  vector 
arms  are  described  in  Burke  et  aL  (1987).  The  P-195  probe  is  the 
EcoRI/B^ll  fragment  from  the  genomic  P-195  clone  described  in 
Mackay  et  oL  (1985).  The  KAHRP  probe  (LP-20)  is  described  in  Po- 
loge  and  Ravetch  (1986).  The  GBP-130  probe  (8822)  is  described  in 
Lanzer  et  oL  (1992).  The  PPrep20  probe  is  the  EcoHJ/Hindlll  frag¬ 
ment  described  in  Patarapotikul  and  Langsley  (1988).  The  oligonucle¬ 
otide  probe  qoecific  for  the  P.  falciparum  telomere  repeat  sequence 
(OL-PPTel)  is  5'-GGGTTTA  GGGTTTA  GGGTTTA  GGGTTTA- 
3'.  DNA  fragments  were  labeled  by  random  priming,  and  oligonucleo¬ 
tide  probes  were  end  labeled  as  described  in  Sambrook  et  oL  (1989). 
Hybridization  conditions  are  described  in  Kochan  et  aL  (1986)  and 
Pologe  et  oL  (1990). 

Bal31  Digestion.  Pive  micrograms  of  DNA  from  a  putative  Plas¬ 
modium  telomere  YAC  clone  was  treated  with  1  U  of  BaHl  according 
to  the  manufacturer’s  (New  England  Biolabs)  specification  in  a  vol¬ 
ume  of  210  ftl.  At  the  (tesignated  time  points,  30-m1  aliquots  were  re¬ 
moved  and  brought  to  25  mM  with  EGTA,  heated  at  70‘’C  for  10  min, 
and  then  precipitated  with  ethanol.  The  DNA  samples  were  then  di¬ 
gested  with  Rsal,  fractionated  on  a  1%  TBE  agarose  gel,  and  trans¬ 
ferred  to  supported  nitrocellulose. 

End  rescue  of  Plasmodium  telomere  YAC  clone.  The  end  rescue  of 
sequences  from  YACs  in  pJS97  is  essentially  as  described  by  Shero  et 
aL  (1991)  with  the  following  exceptions:  after  Sphl  digestion  and  liga¬ 
tion,  the  sample  was  ethanol  precipitated  and  resuspended  in  20  itl  of 
TE.  Pive  microliters  was  used  for  electrotransformation  of  SURE 
Escherichia  coli  (Stratagene)  using  a  Bio-Rad  gene  pulser  device  set  at 
25  itF,  200  ohm,  and  2.5  kV.  After  selection  on  ampiciliin,  plasmid 
DNA  was  isolated  by  a  mini-prep  procedure  (Sambrook  et  oL,  1989), 
and  the  end-rescued  frz^ment  used  as  a  probe. 

RESULTS 

YAC  Library  Construction 

The  P.  falciparum  strain  FCR3  (Jensen  and  Trager, 
1978)  was  chosen  as  the  DNA  source  for  the  YAC  library 
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FIG.  1.  Size  range  of  P.  falciparum  pYAC4  clones.  EcoRI  par¬ 
tially  digested  parasite  DNA  was  cloned  into  pYAC4  and  transformed 
into  yeast.  Pifteen  transformants  were  picked  at  random  after  being 
color  assayed  for  inserts  and  prepared  for  PPG  chromosomal  analysis. 
PPG-separated  (ramped  pulse  time  from  5  to  30  s  over  22  h  at  180  V) 
YACs  were  transferred  to  supported  nitrocellulose  prior  to  hybridiza¬ 
tion  with  a  probe  to  the  left  arm  of  pYAC4. 
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because  the  strain  is  well  characterized  and  is  readily 
available  to  other  researchers.  Parasite  DNA  for  the 
YAC  library  was  prepared  in  aqueous  form  and  care  was 
taken  to  minimize  shearing  (see  Materials  and  Meth¬ 
ods).  The  size  of  the  undigested  DNA  was  approximately 
650  kb,  and  partial  digestion  with  EcoRl  yielded  frag¬ 
ments  that  ranged  in  size  from  30  to  400  kb  (data  not 
shown).  The  parasite  DNA  was  cloned  into  the  £coRI 
site  of  the  YAC  cloning  vector  pYAC4.  Transformants 
were  selected  on  uracil-  and  tryptophan-deficient  sorbi¬ 
tol  agar  plates.  Random  clones  were  picked  and  tested 
for  inserts  by  color  assay  (Burke  et  oL,  1987).  Of  60  colo¬ 
nies  assayed,  52  were  positive,  indicating  that  approxi¬ 
mately  86%  of  the  primary  transformants  contained  in¬ 
serts. 

Random  clones  were  analyzed  by  PFG  to  determine 
the  size  range  of  the  inserts.  After  ^uthem  blotting  the 
PFG,  the  membrane  w€is  probed  with  a  pBR322  frag¬ 
ment  specific  for  the  YAC  vector  left  arm.  Figure  1 
shows  a  typical  PFG  containing  15  random  YACs  that 
range  in  size  from  30  to  290  kb.  The  largest  YAC  clone 
found  in  the  library  is  350  kb  (data  not  shown),  and  the 
average  clone  size  is  approximately  100  kb.  To  establish 
a  library,  primary  transformants  were  picked  and  color 
assayed  for  inserts.  Of  1300  transformants  assayed,  1056 
positive  clones  were  transferred  to  96-well  microtiter 
plates  (see  Materials  and  Methods).  Since  the  size  of  the 
P.  falciparum  genome  is  3  X  10^  bp  and  the  average  size 
of  the  YACs  is  100  kb,  the  library  is  predicted  to  have  a 
redundancy  of  between  3  and  4  for  single-copy  genes. 

Representation  of  the  pYAC4  Library 

A  PCR-based  strategy  was  used  to  identify  individual 
genes  present  in  the  library  (see  Materials  and  Meth¬ 
ods).  The  11  primary  pools  of  DNA  (each  pool  repre¬ 
sents  all  clones  from  a  single  microtiter  plate)  were 
screened  using  oligonucleotide  primers  specific  for  the 
nine  loci  (representing  six  different  chromosomes) 
shown  in  Table  1.  All  loci  examined  were  represented  in 
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TABLE  1 


Repr«Mntatioo  of  Loci  in  the  YAC  Library 


Locus 

Chromosome 

No. 

Size  (kb) 

KAHRP 

2 

6 

80,  76,  60,  40.  30 

PFMDRl 

6 

6 

N/D 

CSP 

3 

4 

110,  100 

CARP 

N/D 

4 

280, 190,  180, 145 

SERA 

2 

3 

170, 125,  56 

P-196 

9 

3 

76.  60.  56 

MSA2 

2 

2 

170,  160 

GBP-130 

10 

2 

110,60 

BBA-176 

4 

1 

80 

Note.  KAHRP,  knob-aasociated  hiatidine-iich  protein;  PFMDRl, 
P.  falciparum  multidrug  resistance  gene  1;  CSP,  circumsporozoite  pro¬ 
tein;  CARP,  clustered  asparagine-rich  protein;  SERA,  serine  repeat 
antigen;  P-196,  merozoite  surface  antigen  1  (MSAl)  or  precursor  of 
major  merozoite  surface  antigen  (PMMSA);  MSA2,  merozoite  surface 
antigen  2;  GBP-130,  glycophorin  binding  protein-130;  EBA-176, 
erythrocyte  binding  antigen-17&.  Chromosome,  parasite  chromosome; 
No.,  number  of  primary  DNA  pools  positive  for  the  locus  by  PCR;  and 
Size,  size  of  YAC  clone  as  determined  by  PPG.  Only  two  of  the  four 
primary  YAC  clones  were  isolated  for  the  CSP  locus.  The  sizes  of  the 
PFMDRl  YACs  were  not  determined  (N/D)  The  CARP  gene  baa 
been  reported  to  be  located  on  Chromosome  2  (Wellems  et  aL,  1991). 
However,  probes  to  CARP  and  probes  recovered  from  the  ends  of  the 
CARP  YACs  hybridize  not  to  Chromosome  2,  but  to  a  much  larger 
undetermined  chromosome  (N/D).  The  chromosomal  location  of 
E1BA-17&  was  provided  by  Dr.  Kim  Lee  Sim  (Walter  Reed  Army  Insti¬ 
tute  of  Research,  personal  communication). 

the  library,  and  six  of  the  nine  were  present  either  at  or 
above  the  predicted  frequency  of  3-4  clones  per  single¬ 
copy  gene.  Individual  YAC  clones  were  isolated  from 
eight  of  these  loci  by  another  round  of  PCR  using  DNA 
&om  secondary  pools  of  clones  that  represented  each 
row  and  column  of  the  positive  primary  microtiter  plate. 
The  22  clones  isolated  ranged  in  size  from  30  to  280  kb 
with  an  average  size  of  105  kb  (Table  1). 

Integrity  and  Stability  of  Plasmodium  YAC  Clones 

The  YAC  clones  from  a  representative  region  of  para¬ 
site  DNA,  the  P-195  locus  (known  also  as  MSAl  or 
PMMSA;  Holder  et  oL,  1986;  Mackay  et  aL,  1985),  were 
chosen  for  detailed  mapping  studies  to  determine 
whether  the  YAC-cloned  DNA  was  identical  to  the  na¬ 
tive  parasite  DNA.  Figure  2  shows  a  typical  PFG  map¬ 
ping  experiment  for  the  three  P-195  YACs  identified. 
The  YACs  are  75, 60,  and  55  kb  in  size,  and  when  restric¬ 
tion  enzyme  meq>s  of  the  YACs  are  compared  to  FCR3 
genomic  DNA  (Fig.  2),  the  fragments  are  identical,  indi¬ 
cating  that  no  obvioiis  rearrangements  have  occurred. 
Additional  long-range  restriction  mapping  of  YACs 
from  two  other  loci,  the  GBP-130  (Lanzer  et  oL,  1992) 
and  the  KAHRP  (de  Bruin  et  oL,  manuscript  in  prepara¬ 
tion),  gave  similar  results. 

Since  the  major  concern  with  P.  falciparum  genomic 
clones  is  stability,  the  behavior  of  six  YAC  clones  in 
long-term  cultures  was  examined  (Fig.  3).  Two  YACs, 
each  fi»m  the  GBP-130  locus  (Fig.  3A),  the  KAHRP 
locus  (Fig.  3B),  and  the  P-196  locus  (Fig.  3C),  were  mon¬ 


itored  for  gross  rearrangements  in  size  over  25,  50,  and 
75  consecutive  generations  of  growth  in  selective  media. 
When  Southern  blot  analysis  using  gene-specific  probes 
against  PFG-separated  YACs  was  performed,  no  obvi¬ 
ous  changes  were  detected  over  this  time  course.  In  addi¬ 
tion,  a  comparative  Htradlll  restriction  analysis  between 
the  two  P-195  YACs  and  genomic  FCR3  parasite  DNA 
revealed  no  smaller  rearrangements  of  the  YAC-cloned 
DNA  during  propagation  (Fig.  3D).  Together  the  data 
presented  in  Figs.  2  and  3  show  that  unlike  parasite  geno¬ 
mic  clones  in  bacterial  hosts,  P.  fakiparum  DNA  is 
stable  in  yeast. 

YAC  Cloning  P.  falciparum  Telomeric  DNA  Fragments 

Due  to  the  unique  structure  of  the  ends  of  chromo¬ 
somes,  these  sequences  are  underrepresented  in  stan¬ 
dard  YAC  libraries.  Our  interest  in  the  telomere-proxi¬ 
mal  regions  of  P.  falciparum  chromosomes  required  a 
method  for  obtaining  large  telomeric  DNA  fragments. 
The  successes  in  cloning  human  telomeres  by  comple¬ 
mentation  in  yeast  using  Y AC-based  systems  (Rieth- 
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FIG.  2.  Integrity  of  YAC  clones  from  a  roprosentative  locus. 
Three  YACs  were  isolated  from  the  library  by  PCR  using  oligonucleo- 
ti(te  primers  specific  for  the  P-196  gene,  (a)  Comparison  of  the  restric¬ 
tion  digests  of  YAC  clones  B  (YPFBB6),  I  (YPFff6),  and  J  (YPFJH4) 
with  genomic  FCR3  parasite  DNA  (PF).  PFG-separated  (ramped 
pulse  time  from  2.6  to  12  s  over  20  h  at  180  V)  restriction  enzyme 
digests  of  agarose-embedded  DNAs  were  Southern  transferred  to  sup¬ 
ported  nitrocellulose  and  hybridized  with  a  probe  to  the  P-196  gene, 
(b)  Long-range  restriction  maps  of  the  P-196  locus  and  YAC  clones. 
H,  HindUI;  B.  BomHI;  X,  Xhol. 
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man  et  aL,  1989;  Cross  et  al.,  1989;  Brown,  1989)  sug¬ 
gested  that  similar  methods  for  cloning  P.  falciparum 
telomeric  regions  could  be  used.  Since  the  parasite  telo¬ 
mere  repeat  (GGGTT(T/C)A)  is  similar  to  the  human 
repeat  sequence  (GGGTTA),  a  Y  AC -based  approach  to 
isolating  telomeric  regions  seemed  feasible. 

After  Nhel  restriction  enzyme  digestion  of  FCR3 
DNA,  the  sizes  of  the  DNA  fragments  that  hybridize 
with  an  oligonucleotide  probe  specific  for  the  P.  falci¬ 
parum  telomere  repeat  sequence  (OL-PFTel)  are  be¬ 
tween  30  and  200  kb  (data  not  shown).  TV/iel-digested 
parasite  DNA  was  ligated  with  a  SOX  molar  excess  of  the 
YAC  vector  pJS97.  After  transformation  into  yeast,  mi¬ 
totic  stability  of  the  linearized  vector  requires  comple¬ 
mentation  by  parasite  sequences  that  can  function  as 
substrates  for  a  putative  yeast  telomerase. 

To  enrich  for  large  linear  clones  and  remove  any  plas¬ 
mid  background,  the  behavior  of  the  transformants 
when  plated  onto  5-fiuoro-orotic  acid  agar  plates  was 
observed.  FOA  is  a  pyrimidine  analog  that  is  toxic  to 
yeast  if  they  contain  the  URA3  gene,  which  encodes  an 
enzyme  required  for  uracil  biosynthesis  (Boeke  et  al., 
1984).  ura3  cells  are  resistant  to  FOA  and  the  loss  of 
URA3  from  a  yeast  can  be  monitored  as  growth  on  FOA. 
When  URA3  is  contained  on  a  plasmid,  the  frequency  of 
loss  is  much  higher  than  that  of  a  wildtype  chromosomal 
URA3*.  This  frequency  is  reflected  in  the  degree  of  pa- 
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FIG.  3.  Stability  of  P.  falciparum  YAC  clones  in  culture.  YAC 
clones  from  loci  on  three  different  chromosomes,  the  GBP-130 
(YPFGC12  and  YPFFF12,  A),  the  KAHRP  (YPFEC3  and 
YPFHG12,  B),  and  the  P-196  (YPFIF5  and  YPFJH4,  C),  were  grown 
from  the  frozen  master  plates  in  selective  media.  PFG  sample  blocks 
were  prepared  from  tbe  yeast  at  the  initial  time  point  (Lane  I)  and  at 
time  points  representing  25,  50,  and  76  consecutive  generations  from 
the  initial  inoculation.  (A,  B,  C)  PFG-separated  YACs  (5  to  20  s  over 
18  h  at  180  V)  that  have  been  Southern  blotted  and  hybridized  with 
gene-q>ecific  probes.  (D)  A  comparison  between  HindlU  digests  of  the 
P-196  YACs  and  FCR3  DNA  (PF).  The  digests  were  separated  as 
above,  and  Southern  analysis  was  performed  using  the  P-196-8pecific 
probe. 


FIG.  4.  Analysis  of  P.  falciparum  telomere  YAC  clones.  Nine  pu¬ 
tative  parasite  telomere  YACs  were  PFG  separated  (ramped  pulse 
time  from  5  to  25  s  over  22  h  at  180  V)  and  analyzed  by  Southern 
analysis:  (A)  YACs  hybridized  to  a  probe  specific  for  the  parasite  telo¬ 
mere  repeat  (OL-PFTel)  and  (B)  YACs  hybridized  to  a  probe  for  the 
Plasmodium  subtelomeric  repeat  sequence,  PFTep20.  The  Bal31  exo- 
nuclease  sensitivity  of  one  parasite  telomere  YAC  clone  (T9)  is  shown 
in  C.  Yeast  genomic  mini-prep  DNA  from  T9  was  treated  with  Bat31. 
Aliquots  were  removed  at  the  indicated  time  points  and  the  reaction 
was  stopped  by  the  addition  of  EGTA.  Samples  were  digested  with 
Rsal  prior  to  Southern  analysis  using  the  OL-PFTel  probe. 

pillation  of  the  yeast  when  plated  onto  FOA.  Our  experi¬ 
ments  showed  that  if  the  URA3  is  contained  on  a  large 
(>35  kb)  Plasmodium  YAC  clone,  the  degree  of  papilla- 
tion  is  either  equivalent  to  or  slightly  (two  to  three 
times)  higher  than  that  seen  for  the  yeast  chromosomal 
URA3^.  In  addition,  short  (<20  kb)  linear  plasmids  (and 
presumably  the  smaller  YAC  clones)  behave  as  circular 
plasmids  and  papillate  at  much  higher  frequencies  (data 
not  shown).  These  dififerences  may  result  from  the 
greater  mitotic  stability  of  longer  linear  clones  (Murray 
et  al,  1986). 

Putative  Plasmodium  telomere  YACs  were  picked 
from  the  primary  transformants  in  top  agar  and  replica 
plated  onto  uracil-deficient  and  FOA  agar  plates.  The 
degree  of  papillation  of  the  transformants  relative  to  the 
papillation  of  a  ura3  yeast  strain,  a  URA3*  streiin,  and  a 
strain  harboring  a  plasmid  copy  of  URA3  (pJS97)  was 
assayed.  Transformants  that  either  failed  to  grow  or  pa- 
pillated  at  low  frequency  were  picked  from  the  uracil 
minus  replica  and  transferred  to  microtiter  plates  for 
further  analysis.  The  clones  were  transferred  to  a  nylon 
filter  for  colony  screening  and  hybridized  against  the 
pareisite  telomere  OL-PFTel  probe.  Of  the  192  clones 
examined,  66  (34%)  hybridized  to  this  probe. 

Figure  4A  shows  Southern  analysis  of  a  PFG  contain¬ 
ing  nine  putative  parasite  telomere  clones  hybridized 
with  the  OL-PFTel  probe.  These  clones  range  in  size 
from  30  to  130  kb.  Although  equivalent  amounts  of  DNA 
were  loaded  on  the  gel,  differences  in  the  intensity  of 
hybridization  to  OL-PFTel  are  seen.  This  may  result 
from  variations  in  the  number  of  parasite  telomere  re¬ 
peats  present  in  the  clones.  To  determine  if  the  parasite 
telomere  sequences  were  at  the  end  of  the  clones,  the 
hybridization  to  OL-PFTel  was  examined  after  treat- 
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FIG.  5.  End-rescued  probe  from  telomeric  YAC  clone  T9  hybrid¬ 
ises  to  a  single  parasite  chromosome.  DNA  sequences  adjacent  to  the 
YAC  cloning  vector  were  recovered  in  E.  colL  The  recovered  fragment 
was  used  to  probe  a  nitrocellulose  filter  of  PFG-separated  (ramped 
pulse  time  firom  75  to  330  s  over  50  h  at  150  V)  parasite  chromosomes. 
Parasite  strains  from  three  different  geographical  regions  FCR3 
(Gambia),  HB2  (Honduras),  and  OlO  (New  Guinea)  are  shown. 

ment  with  BcU31  exonuclease.  Figure  4C  shows  an  exam¬ 
ple  clone,  T9,  after  digestions  with  BatSl  and  Rsal, 
Southern  blotting  and  hybridization  with  OL-PFTel. 
The  diffuse,  smeared  band  seen  at  time  zero  is  charac¬ 
teristic  of  DNA  fragments  from  chromosome  ends  that 
are  associated  with  variable  lengths  of  telomere  repeats. 
The  rapid  disappearance  of  the  parasite  telomere  hybrid¬ 
izing  sequence  relative  to  a  more  telomere-distal  se¬ 
quence,  the  URA3  gene  on  the  pJS97  vector  (data  not 
shown)  demonstrates  that  this  repeat  sequence  is  at  the 
end  of  the  YAC  clone. 

The  chromosome  end  origin  of  these  Plasmodium  te¬ 
lomere  repeat  sequences  was  determined  by  examining 
the  clones  for  hybridization  to  parasite  sequences  that 
are  found  exclusively  in  subtelomeric  regions.  The 
PFrep20  sequence  is  a  21-bp  repeat  that  has  been  found 
to  be  associated  only  with  the  telomeric  DNA  fragments 
of  P.  falciparum  chromosomes  (Patarapotikul  and 
Langsley,  1988).  In  addition,  PFFep20  sequences  can  be 
lost  from  either  end  of  a  chromosome  as  a  result  of  the 
deletion  events  that  lead  to  chromosomal  polymor¬ 
phisms  (Kemp  et  al,  1990).  Figure  4B  shows  that  five  of 
the  nine  Plasmodium  telomere  YAC  clones  are  positive 
by  hybridization  to  PFrep20.  The  data  presented  in  Fig. 
4  silliest  that  true  parasite  telomeric  fragments  have 
been  cloned.  However,  these  data  cannot  rule  out  the 
possibility  that  some  internal  telomere  repeat-like  se¬ 
quences  may  also  have  been  cloned  in  this  experiment. 

The  DNA  sequences  adjacent  to  the  Nhel  cloning  site 
of  the  T9  telomere  clone  were  recovered  in  E.  coli  and 
used  as  a  probe  against  Southern-blotted,  PFG-sepa¬ 
rated,  parasite  chromosomes.  A  fragment  of  approxi- 
matefy  4  kb  was  end  rescued,  and  this  probe  hybridizes 
to  a  sins^e  large  parasite  chromosome  (possibly  Chro¬ 
mosome  10)  (Fig.  5).  Parasite  strains  from  three  differ- 
«it  geognq>hical  regions,  Gambia  (FCR3),  Honduras 
(HB2),  and  New  Guinea  (DIO),  are  shown  in  Fig.  5,  and 
l^ridization  with  this  end  probe  demonstrates  a  typical 
dffomosomal  pol3mioiphi8m. 


DISCUSSION 

Despite  being  a  major  health  threat  to  most  of  the 
world’s  population,  little  is  known  about  the  molecular 
biology  of  P.  falciparum.  The  unusual  plasticity  of  the 
parasite’s  genome  offers  a  unique  system  in  which  to 
study  chromosome  structure,  stability,  and  polymor¬ 
phism.  Essential  methods  of  molecular  biology,  such  as 
the  cloning  of  large,  stable,  tracts  of  parasite  DNA  in 
bacteria,  the  ability  to  transfect  exogenous  DNA  into  P. 
falciparum,  and  the  in  vitro  culture  of  the  entire  parasite 
life  cycle,  currently  are  unavailable  to  researchers.  Fur¬ 
thermore,  classical  genetic  analysis  of  the  parasite  is  un¬ 
feasible  on  a  routine  basis  due  to  the  complex  life  cycle  of 
P.  falciparum,  which  alternates  between  vertebrate  and 
invertebrate  hosts.  Toward  overcoming  these  limita¬ 
tions  by  providing  a  stable  source  of  cloned  genomic  par¬ 
asite  DNA,  we  have  constructed  a  representative  geno¬ 
mic  library  from  P.  falciparum.  Initial  studies  indicated 
that  parasite  DNA  could  be  stably  propagated  in  a  yeast 
host  (Triglia  and  Kemp,  1991).  This  report  details  the 
construction  of  a  stable,  representative,  and  unrear¬ 
ranged  yeast  artificial  chromosome  library  from  P.  falci¬ 
parum  and  the  YAC  cloning  of  parasite  telomeric  DNA 
fragments. 

A  pYAC4  library  of  1056  clones  with  an  average  insert 
size  of  100  kb  has  been  established.  Since  only  300  clones 
of  100  kb  each  are  needed  to  represent  the  entire  30-Mb 
parasite  genome  once,  the  Plasmodium  pYAC4  library 
constructed  was  predicted  to  have  a  three-  to  fourfold 
redundancy  for  single-copy  genes.  Of  the  nine  loci  exam¬ 
ined  in  this  report,  all  were  represented  in  this  library  by 
at  least  one  clone  and  the  majority  (six  out  of  nine)  were 
present  either  at  or  above  the  expected  number.  In  addi¬ 
tion,  screening  the  pYAC4  library  with  probes  that  are 
not  associated  with  cmy  known  coding  region  has  shown 
that  unlike  bacterial  librar'es,  even  intergenic  sequences 
are  represented  in  the  YAC  library  at  expected  numbers 
(data  not  shown).  Long-range  restriction  enzyme  map¬ 
ping  of  P.  falciparum  YACs  has  found  no  obvious  differ¬ 
ences  between  the  restriction  enzyme  maps  of  the  YAC- 
cloned  DNA  and  that  of  the  native  genomic  parasite 
DNA  (this  paper,  Lanzer  et  oL,  1992).  Data  on  the  long¬ 
term  stability  of  six  independent  YAC  clones  monitored 
over  75  generations  also  support  the  observation  that 
yeast  can  stably  maintain  large  tracts  of  parasite  DNA. 

The  ends  of  P.  falciparum  chromosomes  appear  unsta¬ 
ble  and  are  frequently  deleted  both  in  the  wild  and  dur¬ 
ing  in  vitro  culture,  l^e  loss  of  telomeric  regions  results 
in  chromosomal  polymorphisms  through  a  mechanism 
of  chromosome  breakage  and  healing  by  de  novo  telo¬ 
mere  addition  at  the  breakpoint.  Polymorphisms  have 
been  studied  in  detail  for  parasite  Chromosomes  1,  2, 
and  8  (Pologe  and  Ravetch,  1986,  1988;  Pologe  et  aL, 
1990).  However,  it  is  not  yet  known  whether  such  telo¬ 
meric  deletions  can  occur  at  the  ends  of  all  parasite 
chromosomes  or  if  some  chromosomes  are  resistant  to 
these  events.  Furthermore,  the  biological  implications  of 
such  events  remain  unclear.  To  study  the  structure  of 
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the  chromosome  ends  and  the  mechanism  responsible 
for  generating  polymorphisms,  we  have  cloned  parasite 
telomeric  DNA  fragments  by  complementation  in  yeast. 
Of  nine  Plasmodium  telomere  clones  examined  in  detail, 
all  w-jre  positive  by  hybridization  to  parasite  telomere 
repeat  sequences.  This  hybridization  was  sensitive  to 
Bo/31  exonuclease  activity  indicating  that  the  parasite 
telomere  repeats  were  located  at  the  end  of  the  YAC 
clone.  In  addition,  five  of  these  nine  were  positive  by 
hybridization  to  the  P.  falciparum  repeat  sequence 
PFrep20,  which  is  located  exclusively  in  subtelomeric 
regions.  Not  all  parasite  chromosomes  contain  PFrep20 
because  breakage  and  healing  events  that  generate  poly¬ 
morphisms  delete  these  sequences. 

These  YAC  clones  will  not  only  provide  important  re¬ 
agents  for  studying  the  organization  and  structure  of  the 
P.  falciparum  genome,  but  will  also  help  in  the  mapping 
and  positional  cloning  of  new  loci.  We  have  probed  YAC 
clones  from  the  GPB-130  locus  using  PCR-amplified, 
labeled  cDNAs  as  probes  (transcription  unit  mapping) 
and  have  identified  two  new  erythrocytic  stage  genes 
(Lanzer  et  al.,  1992).  Mapping  data  established  a  tight 
linkage  (<3  kb)  between  the  GBP-130  and  a  newly  iden¬ 
tified  locus  called  the  3.8  gene.  Nuclear  run-on  analysis 
of  the  intergenic  region  has  shown  that  it  contains  mini¬ 
mal  regulatory  elements  required  for  transcription  initia¬ 
tion  and  termination.  This  is  a  vital  first  step  in  the 
development  of  a  parasite  transfection  system. 

Together  the  pYAC4  library  clones  and  the  Plasmo¬ 
dium  telomere  YACs  aid  in  constructing  contig  maps  for 
genetically  defined  loci,  such  as  the  chloroquine  resis¬ 
tance  locus  on  Chromosome  7  (Wellems  et  al.,  1991),  and 
for  entire  parasite  chromosomes.  Chromosomal  poly¬ 
morphism  through  breakage  and  telomere  healing  fre¬ 
quently  occurs  at  the  KAHRP  locus  of  Chromosome  2 
(Pologe  and  Ravetch,  1986, 1988).  Over  300  kb  from  the 
ends  of  Chromosome  2  are  deleted  from  some  parasite 
strains,  and  we  have  recovered  these  telomeric  regions  of 
the  chromosome  from  FCR3  as  contiguous  YAC  clones. 
With  the  YAC  clones  as  reagents  and  using  the  tran¬ 
scription  unit  mapping  methods  to  derive  probes,  we  can 
begin  to  examine  the  polymorphic  regions  of  parasite 
chromosomes  for  novel  sequences  and  new  genes.  The 
data  obtained  wiU  help  in  understanding  what  is  unique 
about  the  genome  organization  of  the  parasite  and  why  it 
has  evolved  such  great  diversity. 
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iiti4  Classicai.  leeetJe  efvdice  an  tbe  liuinae  aularU  yareslte  RIe*. 

lieu  luadlme  faleiptnm  have  been  bampered  by  a  eeai^tx  life  cycle 

net*  wbieb  alceraatee  between  tcrlcbrate  and  iarertebrate  basts.  Ce»> 

iiao  seqaeatly,  only  a  feer  leaelle  ernsaes  have  been  perfenaed  tn 

iieis  date'~^.  la  addilien,  aMieealar  genetics  baa  prerided  ealy  llieited 

nun  accesatotbcteneaa(tbispatkagcn,aceBseqiitncteftanaasuaily 

iiete  bifb  A'T  centenr*^.  Te  vnrtom*  tbese  UaNtaliaar  we  bare  cob- 

iMJi  stracted  an  ecdcrcd  tclanMre-t«>teianicrc  caatJg  anp  af  P,  /aU 

im;  ciparam  ehraoesoaie  2  by  iaaiatiag  overbppiBg  yeast  artilldal 

iws  ehraaraaoMe  clenca.  Thb  appreecb  was  aacd  to  examiar  Ibe  strain^ 

iwt  dependent  palymurpliiaav  eoaiaiowly  obaerred  for  P,  fMfmrmm 

IW0  chiearatoaiea’'*.  Oar  analysis  rereala  that  polyaMrpbiaiiia  of 

•Hitk  ehrooMsmae  2  ate  restricted  to  regioaa  at  eltber  ted,  repteacnilng 

iM]>  }0%  o(  the  ehremnaeme.  Traeaciipliee  aisppinf.or  tbc  catire 

in»  ehroarasome  aaggesta  a  compartaeataliiailen  of  ebromosewe  2 

ii«>  Into  a  treascribed  eeatral  demaia  sad  silent  polyiaorpMe  ends.  ' 

■wM  A  yeast  aitlRdal  ehromesomc  (YAC)  libra^  of  the  P.  faU 
iwii  dponim  strain  FCR3  (ref. 9)  waa screen^  by  polymetese  chain 

••■I!  reaction  (PCR)  with  probes  to  known  chromosome  2  markets'*. 

ii*M  Remaining  gaps  were  filled  by  rescuing  the  ends  of  the  YAC 

■MX  doncs,  thereby  defining  new  probes,  setpience  ug  sites  (STS), 

iMM  for  screening  the  library.  The  P.  /aletparum  telomere-oontsining 

iwM  YAC  doncs  CC6  and  C84  ercre  is^ated  from  a  YAC  library 

lion  of  FCR3  enriched  Tor  subteiomcru:  DNA  fragments*.  Eighttcn 

iMW  YAC  doncs  and  31  STS  markers  were  obtained  (Pig.  la,  and 

non  Table  1).  All  STS,  as  wdl  as  the  left  end  ofboth  telomere  YAC 

iioM  doncs,  hybridiae  back  to  chromosome  2  (data  not  shown).'The 
iMti  integrity  of  all  YAC  doncs  eras  confirmed  by  restriction  analysis 

iwit  in  comparison  to  genomic  FCR3  DNA  (summarized  in  Fig.  I  a), 
iiou  The  YAC  doncs  GC6  and  CB4  hybridize  to  the  R  faktfoivm 
lieu  rcp20  sequence^,  an  element  eadusiecly  found  in  subtelomcrie 

non  regions",  and  to  an  oiigonodeotide  spedfic  for  the  P.  faldparum 

now  tdomerc  repeat  sequence  (Fig.  -  lb.  top  panels).  For  both 

lion  tclomeric  YAC  doncs,  the  hybridbatioB  to  the  A  fakiparum 

■IM  telomere  oiigonodeotide  is  sensitive  to  digestion  with  the  txonu- 

■■M  dease  BalOl  (Fig  lb,  bottom  panel),  indicating  that  the  R 

iiM  faUpanm  tdomere  sequences  are  terminal  and  had  served  as 

I  leri  a  suWate  for  tbc  addition  of  yeast  tdomere  sequences.  Ndther 

iMu  the  rep20  sequence  nor  the  tdomere  repeat  oiigonodeotide 

iMM  hybridized  to  any  other  YAC  done  sbown  in  Fig  la,  with  the 

IWM  exception  of  done  CG7  which  overlaps  subsundally  with  CB4 

unit  and  hybridized  to  f«p20  sequences  (data  net  shown).  These  data 

iisM  indieau  that  a  complete,  lepiesenuthre  eontig  wu  obtained 

iMsr  spanning  the  entire  t  JI3  Mb  (10*  bates)  of  chromosome  2  from 

iiM  tdomere  to  tdomcrc. 
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tam  Chromosome  2  is  tubjeet  to  bretkofc  snd  telomere  eddition 
iMu  within  the  KAHRP  gene,  resulting  In  KAHRR*  parasites  and: 
ii«M  a  truncated  ehromosome".  However,  both  KAHRP*  and 
laws  KAKRP*  parasites  show  ehronuMome*!  polymorphisms,  tug* 
iNw  getting  that  polymorphitais  in  chromosome  2  can  be  generated 
ijavi  by  mcehanitms  other  than  breakage  and  healing  idthin  the 
IMS  KAHRP  gene.  The  STS  defloed  for  chromosome  2  arere  there* 
irmr  fora  used  to  analyte  the  polymorphisms  associated  with  this 
iMt  chromosome.  Genomic  ONAs  from  independent  geographic 
iMt  isolates  were  compared  with  strain  FCR3  by  digestion  with  the 

iisii  restriction  ‘rednnneiease  Sbioi,  generating  an  imetnaJ  23S- 

liiM  kilobase  (kb)  frymeni  and  two  tclomere*contaming  fragments 
of  SIO  kb  and  2S0  kb.  Upon  Southern  transfer,  the  aitroeeilulose 
iSHJ  Aker  was  sequenliwliy  hybridized  with  STS  7, 21  and  28.  Whereas 

tmit  the  cenitai  235*kb  Sma  I  u  agrnem  is  conserved  among  the  strains 

iJMt  tcaicd,  both  terminal  Sma  I  'fragments  are  polymorphic  (Fig. 
iiMi  2a).  Interestingly,  these  polymorpiusms  ez'.snd  to  tubpopula* 
imn  tions  within  initially  clonal  tines,  iMieating  «  continuing  process 

ista  of  ehtomosoinal  'variation.  To  deAnc  the  structure  of  these 
imii  potyraorphiams  more  preciseiy,  an  expanded  series  of  STS 
iMt  probes  were  used  to  probe  eieeitpphorctically  separated  intact 
lau  chromosomes  from  these  strains.  Ilie  central  S00*kb  region  of 
chromosome  2  iseoaserved(Hg.2A)(STSS  to  IK  hybridize  to 
iNtt  all  the  strains  and  subpopubitions  tested),  whereas  STS  probes 
■ten  derivad  from  the  snbieiomcric  regions  are  polymorphic  and  do 
its:>  not  hybridize  to  all  strains.  Several  types  of  subteiometic  poly* 
um  morpbisms  emerge  from  these  studies:  (1)  breakage  and  healing 

iwsi  by  telomere  addition  at  the  KAHRP  locus  (designated  u  the 

title  left  end  ofihe  chromosome)  account  forthe  variations  observed 

lien  in  strains  FVO",  D3  and  Od2,  and  in  subpopuladons  of  7C8 
imii  (refs  13,  13);  (3)  subteiometic  deletions  at  the  tight  end.  u  in 
lauj  strain  ABC  and  in  subpopulations  of  all  the  strains  investigated, 

■mu  eompatibia  with  a  breakage  and  healing  typo  of  mechanism;  (3) 
imii  inicmal  deletions  or  sobstilutioa  of  DNA  not  of  FCm-chromo* 

new  some  2*iype  origin,  as  in  strain  K1  (SO  kb  at  the  (eft  end)  and 

■mil  HB2  (90  kb  at  the  light  end'^  (4)  insettion  or  dnpUcaiion  of 

ueii  DNA  within  the  right  subtelomerie  region  of  strain  Od2.  In  all 

■sue  easa  the  polymorphisms  are  constrained  within  a  120*kb  region 
ISMS  at  either  end  of  the  chromosome,  thereby  dcAning  a  snbtelomcric 

ueii  region  of  stiucluial  insubOity. 
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Chromosomal  polymorphisms  in  other  euknryotie  systems  ere 
fretfucntly  assoeieied  unth  rtfiofis  of  uausuel  iranscriptiootl 
aaivity'^'*.  We  therefore  sought  to  determiflo  whether  dlAertn- 
ccs  could  be  deteaed  between  the  transcription  panem  of  the 
polymorphic  and  non-polymorphtc  regions  of  the  chromosome. 
RNA  was  isolated  from  asynchronous,  intraerythrocytic-stage 
cultures  of  FCR3.  fractionated  into  poljKA)'*'  and  poly(A)~ 
populatidfM  and  labelled  by  revene  transcriptase/PCR 
amplification'^.  These  complementary  DNA  probes  were 
hybridUed  to  the  ordered  array  of  YAC  clones  (Fig.  3).  PolyfA)'^ 
RNA*dcrived  probes  hybridoed  only  to  YAC  dones  spanning 
the  conserved  80%  of  the  chromosome.  In  contrast,  neither 
poly(A)^*  nor  poly(A)~  RNA->derive«J  probes  hybridnted  to  the 
polymorphic  ends  of  the  chromosome.  However,  poly(A)" 
RNA*dertvcd  probes  hybridiaa  to  the  YAC  done  HQ12  (Fig. 
3fi).  Thus,  vdthin  the  limits  of  resolution  provided  by  these  YAC 
doncs  and  the  sensitivity  of' the  transcription  mapping  tech* 
ttique*^  dificreaccs  in  (ranscripcian  arc  observed  along  the 
chromosome.  These  data  suggest  that  chromosome  2  ts  compart* 
mcntalacd  during  the  intraevythroeytie  stages  into  a  conserved 
central  domaiiu  encoding  polyfA}**  tianscrisHs  and  transcrip* 
lionally  silcot  polymorphic  ends.  Transcription  mapping  of 
other  random  telomere  YAC  doncs  supports  the  model  that 
iatraerythrocytic*sugc  genes  arc  cxduded  from  subtclomeric 
regions.  But  in  the  region  of  frequent  breakage  and  heating 
events  at  the  left  end  of  the  chromosome,  we  found  transcripts 
for  both  poly(A)*  and  poly(A)*  RNA.  We  speculate  that  the 
dustering  of  these  iranscripu  may  play  a  role  in  the  generation 
of  subtclomeric  instability  at  this  end  of  chromosome  2. 

The  structural  basis  for  the  chromosomal  potymorphisins  of 
chromosome  2  appean  to  result  from  rearrangemenc  and  dele* 
tioo  events  within  the  subtelomeric  regions,  a  feature  likely  to 
be  eonunon  to  many  of  the  14  chromosomes  of  P^Jaki^arvm^'*, 
The  appearance  of  subpopulations  in  initially  donal  parasite 
lines  soggesu  that  .chromosomal  alterations  in  subtdomeric 
regions  occur  frequently  and  continuously  during  mitotic 
divisioa.  These  chromosomal  polymorphisms  are  observed  not 
only  in  cultured  parasiecs  but  also  in  field  isolates'*^,s«ggtsring 
a  potential  biological  function  Tor  these  events  in  the  survival 
of  the  parasite.  ^  □ 
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IT.  UMM.  la  M  Mi  a  4  Mwi  a  Mi  sa  mmssai  ttfcs 

ta  omma  (.  M.  MMi  a  r.  mma  A  c  Mm  a  V.  4  mna  a  i  on  4a  sr*is  QSHi 

la  M.aaMaa  i  4  UMpa  V.  M  M  4MM  sn  uaa  sa  Mi-MSioiHi 

aa  TNpa  a  M  p  MS  i  a  S4IM4U  hssM 

aa  Maw  1  a  M u  M MM  MM  nsuiA «. SIMMS ossm 

sa  SMMi  a  M  p  AM  wt  sat  sa  tOMis  atsu 

sa  Mi  a  i.  um  i.  M 1 4  uHOpa  X  iM  SMM  Mm  sa  sraam  OMM 
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I4MI  Nature  Rtf.  9809/4  _  Raveteh  —  BIO 


TMU  1  Onaweam  a-ipecitic  Mauenec  ta(  ittu 


STS 

Origin 

Pianar  1 

PnnNr3 

1 

PA3IA 

(nATTASTASrATTTCTAATAAA 

TaCCATTAATTATAAaATATA 

2 

HBmA 

TTTTTSTATTTATCAAAACCTC 

CTATATAfiAAATATATAnAnAC 

3 

EC3IA 

CCTTTSTAAOrAACTAAATCaOG 

CGAAACAACCTTCCCTTBGCT 

4 

KAWP 

OSAAAOaSATCCOaTOACTCC 

TACCATCCACAACATTnCCT 

s 

HQ13JU 

SGAGOAATincnTTATenC 

GAAOGAAGACTATBAAAATAAG 

0 

eCSJlA 

ATTQCAAAAAATAOAATAATATG  . 

.  (CTnACACATAAACATTAICr 

7 

oeiA 

ATCRCTTTATCCAATCTAC 

cattttgaaqatgatgactaaa 

8 

7MU4IA 

acttatctatacaaacatgtg 

TTACaATCTACATOaCTT 

9 

At913 

CAQMOSTAAAOaAGAAaAfi 

aRATACATAATCATCTQGTOAC 

10 

OCl-IIA 

CTAAOAATATGlAAATTATTIi 

TAAACAACCnTTCAGCTO 

u 

MSA.3 

CCAACACATTCATAAACAATGC 

CATTTGATnASTTTGACACTC 

13  ■ 

8034Jk 

AAAATCTGCnACCAAAACC 

CTAATATACTAmACAOGAG 

13 

EISRA 

OTOATAAAAAOAAATATACATATA 

GTTTTTTTAATAOACICATTAAC 

14 

SERA 

CAOSAOSAGOTCAAOCAOSTAATAC 

TGAACTTCAACTAGAACnGAACITQAACT 

15 

THll-U 

CACAAAATAAAAfirTACACTTC 

ACATCrrTATTTTTATTTTAACAC 

18 

HAU-RA 

tacataacaottoatattatata 

ATCOnACTTOTTTATATCTO 

17 

8034IA 

CATATnOSTTOTAAAOOCA 

AAAAACGACGCATgOTTTT 

18 

OCIIA 

gccattatsaaaataaaatatac 

TTcicncnmiicnrinc 

19 

eP4iA 

OOAXTAATAACAAATGTOAATA 

AGTTCCATATTQAATATATTCr 

30 

HAUIA 

CATAAaAArAaAAcrrTAsno 

CTTCTOIOTTCnAnATTAC 

^  T 

BP44U 

AACACACOTACAOOCATAT 

.  nAAAAinoTCATACCTCC 

2a  S 

OMriU 

TCAACOCTATOSmAACAG 

TCAAOTTCTTCTCOrACATT 

23 

OEUJU 

ATAnCOTTQCainQSnAA 

CATAraSTTrATAACAIAAAAC 

34 

CIW4A 

CCCATATCACTAAATAAAATAA 

CAAGAfiACnAATATAAATAAAU 

35 

C012-U 

GTTgirATTwnrronaAT 

CTAOTAAnATAAACCnSAAC 

38 

RS9IA 

NO 

NO 

27 

lti|70 

CQSTTCTTCAOSAAAOOro 

QCOTOaCATTrAATAaSTB 

38 

C0134IA 

COCATSAATTAATTTTGGTAA 

TAATTATAAOBAACOOACATT 

39 

CG7-RA 

TITAaAAnTTTTTATTTATAAAAC 

TTTTSITTATATAACASAAAAAQ 

30 

PG94M 

AAOTTTTTCATCTCCATTGe 

ATSTTAAATCninOAAnCG 

31 

CQ74A 

TTCianrCACTTACTATAT 

COCCCCTATGCAAAATnc 

^  oricM  Om  dwmaeoiuu  G-apedOe  SIS  praOas  aru  MeaitaeMi  U  relanin(  lollieltncnaandlMlaUie  right  end  e(  Vu  conuapondng  VAC 
eioniL  The  cMameaomd  toeaderii  ef  mtaa  STS  pitOut  «•  aumwiad  in  ng.  3e  Primera  art-erienitd  from  S’ »  r.  STS  maMri  1  and  31  are  tepMiilMi 
and  kiArWia  to  bad)  anaa  af  chranwaame  2  aa  wad  aa  to  odiar  daenwaamaa  (data  not  amnli  Tlia  tendtiana  far  PCA  ampMIcaaon  are.  35  to«Ma  (or 
lnaBat94X.2nanatS0X;3n*iat  72*C,uatngaParidnQaiarCaMONAT)ianndOydar.ND.)to)  aalamiineil 

na  S  4  tapraaamadre  YAC  eondg  af  R  Maiaanan  ewanwaama  I  The 
lacadan  af  daafnoaania  3«apaaNtc  ganaa  and  ana  ananianaus  nariiar  ato 
atotoand  KAWP,  knob-tsaadaiad  Nfddna<ritfi  protafn^  AgSlS  IraC  3U 
MSAij.  maratalU  aiafaea  anugan  2  (ra(.  221;  SERA,  aarina-rapaat  andgan^ 
lambda  wtTO  (raf.  101.  Ilia  ganaa  K3A  and  GUW  (Gfet4.)w-AaMieh  praldni 
trig  ba  daaertbad  atoautiara  (D.  da  JL  MI.  and  JIVJL  inanuaaript  h  piapar> 
adanli  flad  lactan^aa  bidtoaaa  did  poaldari  af  R  SdblMniia  totanara  lapaat 
laquanaaa.  tin  damaga  dtoa  af  ttN  luatrtcdon  andongdaataa  ApaKAl 
Bill  <81  and  SMI  (S)  are  bidbaiad  an  ON  cMameaenN  2  mapk  The  Ml  atm 
of  aadi  YAC  dana  la  Indkaiad  br  a  Mad  ciida.  Hn  tuo  tolaman  YAC 
danaa  OC6  and  C84  eanoin  artY  On  iaft  «aenr  ann  of  pTAC4  Oaf.  ML  8 
Cnaraataritadan  afdNRMPtoafiairtafamara  YAC  danaa.SeudMm  Matt 
eamairtng  «N  too  Wamara  YAC  danaa, SCO  and C84, waraIbbiMnd  trim 
a  pnba  to  M  iip30  tapuanaa*  (top,  left  panaO  and  tridi  a  R  faAtoanan 
tatoaHrafapaaialttnudaadda.K-«ll3asrTTAi<  (tod  right  pandLBaaenv 
Otgaadan  wM  ON  aaanudaaaa  fafSt.  Oanaade  DNA  (30  Pill  praptotd  aa 
daaeriba^  hem  ON  YAC  danaa  008  and  C84  mapaathav.  irnra  toaubaud 
•rim  30  U  eaanudaaaa  8tf31  Stott  CrMand  Manoal  in  290|il  at  37X. 

Adquott  ttara  tnOMraim  at  ow  Omea  Mtoatad  (min)  and  debated  trim 
raatricOan  anaonacwaaa  NhL  SauQiam  fltara  ttara  Wibridtad  trim  ON  R 
MBtoanan  lalamara  rapuat  adganudoadda.  Aa  a  eocanl  SauOtam  ■tora 
tiara  tobndnd  trim  bttamd  praeaa.  srs3  tor  onjaRSTSSl  (ar  CM. 

ONA  dH  aiandarda  are  todeatad  an  ON  toft  In  M  (giMaRalljfHSC  " 
liCIW(».YACdanaOWAaiitoao»adlnagaiuaaii*igt''Binna.hacoanatod 
eYPidaaltoldgddacboiila)iaataiiaatg»8t»Ra008R-Ofdlaifatam(pelaa- 
flald  eandoana;  ramped  pidaa  ham  S  to  3Sa  o«ar  30n  at  180  V.  IH  IE 
aadNR  adNaia  ur  agaraaa  (FMOl  OS  X  TBE.  at  14 'a 
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IMU 
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IMlf 

IMM 

IMl« 

IMM 

IMIt 

IMU 

IMS 

IMS 

IMU 

IMM 

IMS 

IMU 

»MJ* 
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IMM 

IMM 

IMU 

IMM 
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IMM 

IMM 
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IMM 
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IMM 
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no.  2  AnMiMM  of  clvomatonM  2  potimaaiiMmM  a  Onaioie  OfM  Iram 
vaiMua  pMama  MraM  aMt  anama  wWi  M  rtaMeUon  onaonuBoaaa 
Smat  fiit^rasdonaMd  Or  PMta  (law  tot  oMoneptaiiajii  and  vanafaitae 
Is  nHraeWWaaa.  Tht  SouiMm  mw  waa  atqjanttili)  pfaMd  M0i  STS  7, 

21  ana  28.  A  eoNipaalM  of  «Mat  data  ia  aiWML  SiMeopwladana  Ma  odaanMd 
In  at  M  trana  kwatOiMtd.  Aa  a  atandaia  a  Soaotm  Bttr  cemaMng 
Simi  ditoaidd  RR3  ONA  «iM  ivbittztd  olwidunaouiiirjdin  stsbimmo  - 
7.21«nd2a.0WAitidinMlidraiiaindlcaiddOBl>MltKliiiitu7hRSiddBMad 
otMM  MaeniiiaenMa  (ram  aanous  poraoitt  Malta  «Mia  IMMnd  vitti 
Ow  STS  pmBai  Meawd.  Fietaa  7,  a  18. 21. 28  wan  MMdualy  hyMUtad 
M  SUM  tdandew  pottama.  A  oampM  oi  Uwaa  data  it  ahetn.  KRS-tjrpa 
ouWoapMiauant  wtean  Rl  and  >62  tliM  iMo  te  laM  hyMdMlon  ai|i^ 

A  Schawaile  ti«nn«y  o(  Bia  eWenidddraa  2  pelyniorplilania  sOsdnMA 
rMMdMkit  M  oiajM  papMlaaon  wMNn  a  ptraatta  inw  Pal>nienMiiini 
ravtaM  nima  M  Mama  ABC  and  7G8  art  Mealtd  by  anooa.  STS 
prabdf  nunoartd  (ram  Wt  »  tit*  eatmeeat  to  biaat  In  TobM  L  Tha 
Meadont «  oitaa  STS  prabtt  ifd  Meaiaa  by  vwbeU  Into,  wtdi  t  BiiftM 
a(  anor  COM.  Sowl  cMbwaco  auto  am  donoMdlb  aeld  btonnao.  bioiitn 
IwaolnacaMmtlanidlbMChmmddemibidtteniabialthafBWltlpMIdaniol 
databana  «( STS  aMmtn  o(  ora  no(  or  PCRS^ypa  drtfn.  Tlw  tadcmpiile 
orWna  d(  bN  R  tbkMMb  ttramo  taraoUtMod  araiKia  and  03.  Saabioi 
Oia  Mpim  Nm  Gidntc  R3  M  TOR  IraiR  T2«  and  Aac.  TmuMk  WZ 
Hondurdc  PVO*.  IMnwM  OdZ  bidocHrai  Kl.  ihaiand. 

ICIHOOSi  baraUM  omm  adbdM  undor  aondbrt  candWmM**.  PwaMt 
ONA  omboddod  to  aidraid  pii6s*  «mt  adotrdotd  by  poOra  loid  »ddUm 
iMctraonoroMo  aaint  b  tUS  MdaudMi  da  (etowo:  a  nmpad  puMt  bnm 
Iram  29  lb  SO  a  drar  38  b  t(  180  V.  W  t£  acareiM  OS  K  IBS.  a(  14  rt  a 
rampad puod  IM  (ram  80  Id  300a  OMf  4811  at  190V.  1»  U  atoraat. 
(XSaTaC.a(14<C. 


no.  3  TranacripBon  mappMi  «(  P.  ibKMum  cbramoaama  Z  Saabwm 
bMtPOpmaWatanardoradanayPlOiamlnMMltapraiamabraVACoMnaa 
lBf(liraaMtomaa(aaaW8,lalaftompartaaiiiwtrahybfMlwawWilMltd 
tONApiwioott»MrimdbyraranabbniertpapnaBdM«ptliwinna«pai|4A>* 
SNA  (p)  ar  psiyMr  ONA  Ibl.  ibiA  «raa  prapaiad  (ram  an  aaywWaanoiioiy 
tramwc  (maryovodybe  eiMva  of  tna  P.  tktmm  abbki  fCR3  and 
Ineubaiid  moi  30  iPtia  bar  Ml  of  ONabt  I  (dr  30  mbi  bt  37  X.  Hw  tWMum 
tramUMaWnad  pidibdltM  |0l  (EOr)  cgmbMni  tdbrabiMbbw  VAC  (MtMt 
it  Nwimi  No  MybNdMlM  o(  polylAr  RNAMMad  prabdt  ID  kWMl  VAC 
oisnoa  «N0  dboarvat.  An  Kiow  briMdi  a  ra|iaa  «(  On  cMamotamt  VM 
N  lUbftct  Id  (TbOHM  HtMia  and  baatof  tudniB.  aroiNn  (tad  IMM  bit 
cbrtmodomtl  ddlbi  o(  bw  bybrMtMian  atsnoid  abtorrad.  Ibb  poMbona  or 
NHMi^maiiMra  and  raaUebsn  ahta  (&  SmfO  aloiif  cO—downo  2  art 

METMOOtTbacanNBanatarpidaadialdtNMaebopbaraiiaMtdneribad 
bibiala8awata«|.lft>arOaiMartp(lwimobpM8d(arlW8t(ctaamatanMi 
iMf  pabur  MA  ar  lOpd  paMAT  8NA  waa  itraratMHerfbad  kaa 
eONAi^  rmosm  prUMra”.  Tbt  cONA  *Ma  ampMM  la  iha  prtawMt  ad 
(••■^ndClP  uami  M  TAOtr  idt  ans)  wNoh  IMM  dt^BaeSKRQC)  ta 
arimtraThttaaPMadWbtbadcONAoraapartMbycaboancliiamaiatripby 
W  ramora  obtonacitoadti  oraUitr  Oran  ICObai 


IMII 


IMM  0492“T)3723’"19355 
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